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1.0 INTRODUCTION AND SUMMARY

1.1 INTRODUCTION

Projected requirements for future high-performance jet engine,

missile, and fighter aircraft structures will necessitate extensive

use of high temperature structural adhesives. For example, many

advanced jet engine and tactical aircraft components will need to

perform for hundreds of hours at 700°F (371 0 C) and above. For

advanced air-to-air tactical missiles and air-launched stand-off

missiles, composite airframe structures capable of maintaining

strength for short periods (minutes) at 1000°F (538 0 C) and above[ will be needed. Other needs for adhesives capable of performing at

high temperatures include bonding of structures for extended range

cruise missiles, bonding of specialty materials for stealth

* applications, and, p-tentially, joining of aerospace plane

structures.

The critical need for an easily processible, tough polymer-V. based adhesive capable of meeting these performance parameters
cannot be satisfied through implementation of state-of-the-art high

-- -- temperature polymeric materials. Although polymers capable of such

performance exist, none of them exhibit adequate toughness nor can

-. -. they be processed using practical tempe-ature/pressure cycles.

Examples include polybenzimidazcles (PBIs), polyphenylquinoxalines

(PPQs), polybenzothiazoles (PBTs), polybisbenzimidazobenzo-

phenanthrolines (BBBs), etc. The persistent problem is that the

solubility, flow, gel time, and melting temperature of such linear

and branched heteroaromatic polymer molecules are inadequate tc
0
-i achieve suitable processibility. Development of polymer systems

possessing both ultrahigh thermal stability and good

processibility, while maintaining a high level of toughness, will

represent a much needed technological breakthrough.

Under this program, a comprehensive technical effort was

undertaken with the goal of developing high-temperature adhesive

systems with inherent processibility and toughness. The approach

was to perform a multidisciplinary integrated research effort

.'.A
S%
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involving a combination of polymer chemistry and fracture mechanics

to tailor, characterize, and qualify tough afhesive systems for

bonding to titanium and ferrous alloys. Performance goals for the

adhesive systems included the ability to withstand extended duty

cycles at high temperature (4500 - 700°F or 2320 - 3710 C) While

remaining viable under hot-wet and cold-dry conditions.

The polymer chemistry effort, which has been completed,

entailed employment of novel methods of synthesis to develop

appropriate polymer-ceramic systems# 2nd was spearheaded by polymer

chemists at the Hughes Aircraft Company. The principal

investigators at Hughes were Dr. K. S. Y. Lau for early phases of

the program and Dr. E. H. Catsiff for later phases. Messrs. T. K.

Dougherty and W. E. Elias, and Dr. D. J. Vachon contributed

substantially to the polymer chemistry effort. -The mechanics

effort, which is continuing,-involves the development of test

methods and a data base for determining adhesion failure mechanisms

under severe environments. The mechanics effort is being

spearheaded jointly by Prof. Wolfgang G. Knauss at the California

Institute of Technology (moisture diffusion study) and Prof.

Kenneth M. Liechti at the University of Texas at Austin (fracture

analysis study). The contributions of Prof. W. P. Weber,

University of Southern California, who provided valuable

consultation in the area of polymer chemistry, are acknowledged.

This interim report summarizes progress from 25 September 1985

thrciigh 31 January 1988.

0 1.2 SUMMARY OF PROGRESS DURING THIS REPORTING PERIOD

1.2.1 Pollymer Chemistry (Hughes Aircraft Company)

A hard block-soft block approach to obtaining a toughened

polymer-ceramic adhesive was undertaken. Toughenable hard blocks

(i.e., with silanol end groups) based on heterocyclic precursors,

particularly incorporating the hexafluoroisopropylidene ("6F")

moiety, were explored. Bisbenzimidazoles containing 6F groups were

prepared, and silanol-containing end-groups were incorporated, but

purification of these products proved extremely difficult. Model

(non-6F) benzimidazoquinazolines also proved difficult to purify at

1-2
-. .~ ., - - . . ...-2.



the stage of silanol introduction, while an alternate route to 6F-

containing benzimidazoquinazilines demonstrated ring-closure

problems. Benzoxazoles containing 6F groups were the most

promising of these hard block-soft block moieties but were also

difficult to purify at the silanol stage. An alternative route to

silylation also posed ring-closure problems. Although these

problems appeared solvable with sufficient efforts, another

approach, employing phthalocyaninosiloxane-containing tougheners,

appeared to offer a simpler route to the desired adhesives.

Following this second route, polymers were made by bisureidoI monomer chain extension and by hydrosilation chain extension.
Standard sol-gel (silanol polycondensation) was shown to provide

polymeric intermediates, but considerable siloxane chain

rearrangement also occurred, interfering with structure control.

Potentially more stable moieties (tetraphenylphthalocyanino-

trisiloxane) were identified, and routes to preferentially avoid

catalysis of chain rearrangement were also examined. These hard-

block synthetic procedures, based on standard sol-gel technologies,

yielded highly foamed, hard, brittle, but thermogravimetrically

stable polymer-ceramic materials. Lap-shear joint specimens

adhered to FPL-etched aluminum but were mechanically weak because

of poro-ity resulting from volatiles generation and internal

stresses. Recommendations for further work are presented in

Section 2.9.

1.2.2 Moisture Diffusion in Adhesives (California Institute of

Technology)

Reliable structural analysis on the durability of bonded

joints over long periods of time requires a better understanding of

environmental effects on a bonded joint. One particular area of

importance is the effect of moisture on the properties of the

polymeric materials that comprise the adhesives. The diffusion of

moisture into the adhesive is complicated by coupling between the

mechanical stresses and moisture concentration within the adhesive.

It is this area that we are addressing.

Early in the program we developed a new model for the process

of diffusion of small molecules into a polymeric material. This

* 1-3
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model was based on a conceptual picture of the molecular motions

that drive the diffusion process, but the actual description is

entirely in phenomenological terms. The terms that couple the

. diffusion and mechanical problems are derived from the stresses

which result from the diffusant's tendency to swell the polymer.

These stresses induce a driving force term in the diffusion

process. Furthermore, the diffusant affects the free volume of the

polymer, which then alters the time scale of the material response

functions. Due to the complexity of the resulting set of nonlinear

differential equations, the solution is obtained numerically.

Early work in numerically solving the governing equations

utilized the concept of finite differences to frame the

differential equations into a set of equations that could be

programmed into a computer. The finite difference program solved a

simple class of problems, but due to numerical difficulties the

truly coupled hygromechanical problem could not be attempted. The

work then shifted to using the technique of finite elements to

solve the equations. A program called FEAP (Finite Element

Analysis Program) was employed. This program uses a subroutine

that describes the diffusion process to be modeled. Most of the

work with FEAP consisted of developing a diffusion element

subroutine that was general enough to allow direct implementation

of changes to the mathematical model. We can currently solve the

.- steady-state nonlinear diffusion problem and soon hope to be able

to solve the transient problem and the important fully coupled

problem.

* Results from experiments will be used both to evaluate

material parameters needed for the model and to check the validity

of the model itself. Previous experimental work on the sorption of

moisture into an adhesive (3M's AF-163-2M) showed that an applied

* stress state can indeed affect the diffusion process. Another set

of similar experiments was planned using a modified test geometry

and the unscrimmed version of the same adhesive in an attempt to

better quantify the diffusion parameters. It should be noted that

* work with the unscrimmed adhesive proved to be very difficult, and

a significant effort was devoted to developing techniques for

fabricating void-free specimens. The specimens have been drying

6 1-4
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for approximately five months; the weight loss data now indicate
that the testing can be started shortly.

Both phases, analytical and experimental, of the research

program have been progressing somewhat slowly. Nevertheless we are

optimistic that significant progress will be made in the near

future, since the testing of the specimens is about to begin and

the diffusion element subroutine for the FEAP program is nearly

complete.

1.2.3 Fracture Analysis of High Temperature Adhesives (University
of Texas at Austin)

The overall objective of this work is to develop methods for
determining the constitutive behavior and fracture properties of

high temperature adhesives in situ. The methods were to be

developed with a sensitivity to providing more direct feedback to

*the formulation of new adhesives and surface preparations. The

more direct feedback would be due to the fact that the properties

derived from the measurements would have direct application to the

design process instead of being qualitative comparisons, as is

generally the case in current practice. In order to achieve these

objectives, the stress states in constitutive property specimens

should be pure and uniform and the fracture modes in fracture

property specimens well characterized and understood. In addition,

it was felt that the methods to be developed should be as simple to

use as possible in order to encourage general use and should

furthermore make use of compact specimens so that new formulations

could be tested directly.

* For determining the constitutive behavior of the adhesive,

emphasis has been placed mainly on determining the stiffness and

strength in shear, although the most favorable specimen geometry

developed to date could also be used for more general stress

* states. The current emphasis on stiffness and strength should not

preclude the use of the specimens for the determination of time

dependent properties. The approach that was taken in developing a

suitable specimen was to compare the stress distributions in napkin

* ring, cone-and-plate, and stiff adherend specimens under shear,

bond-normal, and thermal loadings. The stress distributions were

1-5



determined from finite element analyses with particular attention

being placed on bimaterial corners. It was found that a slight

rounding of adherends, particularly in the case of the stiff

adherend specimen, eliminated stress concentrations, even along the

interface. Test methods were developed for using the stiff

adherend specimen to determine the stiffness and strength of

FM-300. The results have been encouraging in the sense that the

shear strength measured in this way was higher than the

manufacturer's values and that the fracture surfaces were highly

ridged, indicating shear failure. The specimen geometry and

alignment procedure is relatively complex, and steps are now being
* taken to reduce these deficiencies.

Since the fracture mode mix in cracked adhesively bonded

joints can vary considerably, and criteria can vary from one

adhesive to another, methods have been developed for determining

the pure mode I and mode II fracture toughnesses as well as an

intermediate, mixed-mode value. The wide range of mode mix has

- been provided by very similar laminated beam specimens, that can be

cut from the same laminated plate, but which are loaded

differently. The mode I, mode II, and mixed-mode fracture

toughnesses of FM-300 have been determined using double cantilever

(DCB), end-notched flexure (ENF), and mixed-mode flexure (MMF)

specimens, respectively. The values determined by the DCB and MMF

specimens were consistent, whereas there was a greater degree of

scatter in the mode II (ENF) fracture toughnesses. Part of the

variation has been initially attributed to relatively large plastic

zones that are interacting with the central load point. The

conclusions were based on elastoplastic finite element analyses and

deflections of photoresist grids, techniques that will be further

refined for validation purposes. DCB and ENF specimens have

" recently been used to determine the room temperature fracture

toughness of titanium/FM-36 joints in preparation for tests at

higher temperatures. Preparations are also being made in

conjunction with Martin Marietta personnel to use the three

0- specimens for durability testing of an adhesive and various surface

preparations.

1-6
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.O 2.0 POLYMER CHEMISTRY

2.1 POLYMER CHEMISTRY APPROACH

The objective of our effort was to develop adhesive polymer

systems which possess ultrahigh thermal stability and good proces-

* sibility while maintaining a high level of toughness. Toughening by

modification of ultrahigh temperature resins represented the crux of

the challenge. Results of current research have demonstrated that

the property requirements of toughness and ultrahigh temperature

stability are difficult to achieve in a single material.

To address the problem of toughening, incorporation of elastomer

domains in the resin represented the state-of-the-art approach. This

requires the integration of molecularly tailored polymerizable branch

units into the polymer backbone as pendent or end groups. Examples

or such units are silyl alkoxides and silyl triacetates, which can be

polymerized to form a siloxane/silicate domain during cure, and can

be converted to a polymer-ceramic material.

.Provision of elastomer domains requires the tailoring of a

backbone flexible enough to function as a toughener, yet resistant to

degradation caused by thermally-induced chain motion. The

polysiloxane chain is more thermooxidatively stable than the carbon-

carbon chain; it is also more flexible and may require some

constraint. Incorporation into a polymer-ceramic material promised

to be relatively straightforward.

Two general approaches were pursued to synthesize suitable

polymer-ceramic materials. One of the two approaches reached the

stage of preparing some preliminary specimens of polymer-ceramic

% materials. This entailed initial preparation of phthalocyanino-

siloxane difunctional monomers, oligomers, and polymers.

* Specifically, two such difunctional monomers were synthesized and

fully characterized. The polymer-ceramic material specimens prepared

from these phthalocyaninosiloxane compounds exhibited a good level of

thermooxidative stability, as determined by isothermal gravimetric

* analysis.

The second approach that was examined in parallel involved

[- - development and modification of some selected ultrahigh-temperature-

resistant heterocyclic chemical systems. Heterocyclic ring

* structures not only possess high temperature resistance, but also

have good adhesive properties. In particular, heterocyclic

2-1
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precursors containing the hexafluoroisopropylidene (6F) group

(specifically, 6F-benzimidazoles, 6F-benzimidazoquinazolines, and 6F-

benzoxazoles) were selected on the basis of their apparent ease of

synthesis compared to others. The 6F-benzoxazoles appeared to be the

most promising. Some earlier technical problems in benzoxazole ring

closure and organolithium metallation were resolved. However,

purification and characterization problems persisted.

In general, the synthetic difficulties encountered with the

heterocyclic systems were more severe than expected. In every case,

the technical impasse was related to the sensitivity of substituent

groups on the heterocyclic mucleus to the reactivity of the chemical

system. Consequently, model study results could not always be

directly extrapolated to real system applications. Subtle

modifications of procedures were generally required.

In the following three sections (2.2, 2.3, and 2.4), the second

of these two general approaches is discussed. These three sections

are devoted to compounds based on benzimidazole, benzimidazo-

quinazoline, and benzoxazole, respectively. Sections 2.5 and 2.6 are

devoted to the first general approach, i.e., preparation of polymer-

ceramic material from phthalocyaninosiloxane compounds.

2.2 BENZIMIDAZOLE-BASED COMPOUNDS

Among the heterocyclic systems investigated were those

containing benzimidazole nuclei in the polymer chain. The essential

monomer for preparation of benzimidazole compounds is the tetraamino

compound V, whose synthesis was accomplished (Reference 1) by the

route shown in Figure 2-1. The various reactions shown in the figure

are detailed in Table 2-1.

*• Compound V was converted in low yield to the bisbenzimidazole VI

by reaction with 3-bromobenzaldehyde because of incomplete formation

of the imidazole ring. Using the same reaction conditions (Reference

2), compound V with 4-ethynylbenzaldehyde (Reference 3) and N-phenyl-

* 1,2-diaminobenzene with 3-bromobenzaldehyde yielded the expected

benzimidazole derivatives VII and VIII, respectively (Table 2-2).

Attempts were made to synthesize compounds IX and X from compound V,
but the yields were very low, and it was very difficult to isolate

and purify the compounds. As a consequence, efforts were shifted to

other heterocyclic systems.

2-2
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TASLE 2-1

SUMMARY OF COMPOUNDS PERTAINING
TO BENZIMIDAZOLE-BASED OLIGOMERS

0RR

I'Synthesized Reaction
Compound -From Condition Yield Characterlzat,.n Comments

I R1=OH Commner- ---- Better grade
R2 -H cially materials are

*available available from
American Hoechst

IIR1 OSO CF3  I (CF350) 2 a 97% mp 980C Confirmed with11R S22IRb 890 reference spectra
R2=H CH2Cl2,-78@C.4h NMRc 6 7.01(m)

III RI-OS02CF3 I 11 "10300%) 100% mp 130-1311C Confirmed with
H2S04  IR 1530,1360, reference spectra

R2-N02  100 0C,4h 8go
____________ NMR 6 7.80-8.17(m) _________

IV Ri.NHPh III PhNH 2, 100% mp 160-1610C Confirmed with
R2.N02  THFreflux, IR 3360,1530,136C reference spectra

17h MS in/e 576,512
____________ __________ _____________ MR -- _________

V Rj.NHPh IV 5% Pd/C. H 93% mp 178-1800C Confirmed with
R2-NH2  2IR 3380 reference spectra

CH3CH20H NMR (acetoneid6)
6 2.90(s).

A4~25
0C,17h 6.35-7.42(m)

* -a Trifluoromethanesulfonic anhydride (bp 78-82*C, density 1.81) was made from
trifluorornethanesulfonic acid (3M coimmercial product) and phosphorus pentoxide.

b IR - Only important absorptions (in wavenumbers) are included here.

* '.c All NMRs were taken using CoD3 as solvent, unless indicated otherwilse; chemiical
* shift values are given in ppm downfield from tetramethylsilane internal standard.

Multiplicities: s *singlet, bs *broad singlet, t atriplet, q =quartet,

m =multiplet.

%
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TABLE 2-2

BENZIM~IDAZOLE-BASED OLIGU)1ERS

P\P0 h

R

(VI, Vii, ix, X)

Synthesized Reaction
%Com~pound From Condition Yield Characterization Corments

*VI R - Br V 3-BrC6 H44H Incomplete for-
met a Low Poor spectral matlon of benzl-

Na2 S205 , Yield characteristics midazole ring
CH3CH2OH, H20
reflux 24h

VII R = CCH V 4_HCzC-C6H4CH0 93% mp 265%C Confirmed'with
Para Na2S205, IR 3500. 2120 reference spectra;

NMR --- validated proce-
*CH 3CH2OH, M20 dure

_______________________reflux, 24h ____

Nu Na 2S205, 60% mp 124-125.5*C Model reaction
* p~IR 1625 for calibrating

INI4Ph CH3CH2OH,H 20 NMR 6 6.50-8.80 reaction condi-
Ph ErUncharacter- tion

Ph Sfy1Z' CHO reflux, 24h istic absorp-
VillLS~. tions

IX R- mO ' Low yield, difficult to isolate and purify.
'Si-OR
'OR

-X R- V Low yield, difficult to isolate and purify.

S
ON

6.1.
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A 2.3 BENZIMIDAZOQUINAZOLINE-BASED COMPOUNDS

The second heterocyclic system investigated was based on

benzimidazoquinazolines. These are derived from 2-(2-amino-

phenyl)benzimidazole, a commercial product. This can be synthesized,

. if necessary, from 1,2-diaminobenzene and a 2-nitrobenzoic acid

derivative, followed by reduction of the nitro group. The conversion

to the silylated compound XIV is detailed in Figure 2-2.

A 10-gram scale bromination reaction successfully converted

monomer XI to the mono-bromo derivative XII, which was fully

characterized. The position of the bromo group was established by

nuclear magnetic resonance (NMR) spectrometry (Figure 2-3, upper

spectrum). However, a subsequent larger scale reaction resulted in

incomplete bromination.

The reaction of XII with 3-bromobenzaldehy,. yielded the

dibromobenzoimidazoquinazoline compound XIII, which has been fully

characterized.

The subsequent organolithium reaction with XIII presented some

difficulties in achieving a homogeneous solution. Further effort was

undertaken to introduce the hexafluoroisopropylidene (6F) group into

these functionalized monomers. Thus, the bromobenzaldehyde reactant

for the synthesis of XIII would be replaced with the 6F-containing

aldehydes XVI and XVII (Figure 2-4). Both key intermediates, XVI and

XVII, have been successfully synthesized. While both XVI and XVII
required the use of the high-purity dibromo precursor XV, XVII also

necessitated more stringent control of reaction conditions. Early

attempts had resulted in impure XVI and XVII contaminated with

polymeric impurities due to the presence of I in the dibromo compound

XV. However, further recrystallizations of XV from methanol can

0 provide highly pure XV with a melting range of less than 1°C.

Experiments using the aldehyde intermediates XVI and XVII to prepare

compounds XVIII and XIX have not been successful. The products were

found to be quite soluble in nitrobenzene solvent (which also

• functions as an oxidant), rendering isolation very tedious and

difficult. Efforts with this series of compounds were terminated

because of more success with others. Table 2-3 summarizes the

results in this series.

* 2-6
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TABLE 2-3

SUMMARY OF COMPOUNDS PERTAINING TO

BENZIMIDAZOQUINAZOLINE-BASED OLIGOMERS

c2R R
CF, H

(XV, XVI, XVII, XX, XXI)I)2w, '(XI, XII) R

(XI II)

Synthesized Reaction
Compound From Condition Yield Characterization Comments

x 'V R1 ,R3-8r I Ph3PBr2  78% mp 75-77°C Reaction yield
4 R2 ,R4-H IR 1590,1495, is a function

300-3200 C 818 of starting
NMR 6 7.15,7.30 material

.-" _ _._7.46,7.61(q) purity

-' VI I RiR 3 "CHO XV 1) BuLi(2 eq.) 57% mp 122-128°C New compound;
R2,R4 H THF, -78-C IR --- impire XV was

2) HC-N(CH 3 )2  NMR 6 7.50-8.15(q), found to lead
10.2(s) to drastically

lowered yields

xi:' RI-Br XV 1) BuLi(1 eq.) 30% mp 90-g30C New compound;
R3-CHO THF, -78°C IR --- impure XV led
R2 ,R4 -H 2) HC-N(CH 3 )2  NMR 6 7.15-8.15 (2 to very low

0 overlapping yields
0 qs) 20.2(s)

V x V Grignard --- Reactions did
method not occur under

,_-_ __-_ _ _ _this condition

xx, RiR 3 -H 3,3'-isomer 1) BuLi(2 eq.) 57% bp 170-175°C/0.01 These are lit-
SR2 ,R-CHO of XV THF, -78-C torr erature data;2) HC-N(CH3 )2  ID 2740,1710, actual prepara-

0 1140-1260 tion of this
0 NMR 6 7.20-820(m), compound was

. %10.40(s) not carried
I out under this

___"-_program

2-10
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TABLE 2-3 (Cont'd)

Synthesized Reaction
Compound From Condition Yield Characterization Comments

' ,XI RIR 3 -H 3,3'-isomer 1) BuLi(i eq.) 58% bp 130-135"C/0.1 These are liter-
R2 -Br of xv THF, -78-C torr ature data;
R4=*HO 2) HC-N(CH3 )2  IR 2740,1710.1140- actual prepara-

1260 tion of compound
NMR 6 7.10-8.10(m), was not carried

10.00(s) out under this
_ _ _ _ _MS mle 410,412 prooram

Xi R-H Commercial I- 
--- ---. '. from Aldrich

XII R-Br 11 Br2 ,CH3CO2H 76% mp 269-271*C New compound
I-IR 3225, 1600,

- NMR 1590.866
NMR (DMSO-d6)

(See Figure 2-3)
___ ___ MS m/e 289,287

XIl RI"Br X1 3.BrC6 C! 0 S. mp 268-270*C Confirmed with
H.6 1 IR 3077,1621,1587 reference

,Br 6 5  NMR -- spectra
MS mle 453,374,293

2-11
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The third heterocyclic system investigated was based on

benzoxazoles. For this series, the necessary monomer was 2,2-bis(3-

amino-4-hydroxyphenyl)hexafluoropropane (XXII), which was synthesized

by simultaneous hydrogenolysis and hydrogenation of III, itself

prepared as shown in Figure 2-1. Since that time, XXII has become

commercially available (Hoechst Celanese Corp., Central Glass

Company).

C0'.. ", _ C,

.01 N NOHPd/CH
CF,SOO OSO2 CF, H OHC./

0 CHCHOH, 25°C F

",' . -N(CHICH, )1

...( ) (xxif)
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I.

Several methods have been reported for the synthesis of

benzoxazole structures. None appeared to be efficient (References 4,

5). Preliminary model experiments (Table 2-4) indicated that using a

suitable liquid reactant such as methyl benzoate, which also served

as the solvent for the other reactant, 2-aminophenol, led to a good

yield of 2-phenylbenzoxazole. Esters of bromobenzoic acid were

therefore evaluated as suitable reaction partners for XXII.

Methyl 4-bromobenzoate was prepared from the corresponding acid

in 93 percent yield (mp 79-800 C) (Reference 6). Although the

reaction of methyl 4-bromobenzoate with 2-aminophenol proceeded

uneventfully, it failed to react with XXII even under severe

conditions (2000 C, 24 hours). Phosphorus pentoxide-methanesulfonic

acid was recently used for the synthesis of benzoxazole rings

(References 7-10). This reaction medium served for the synthesis of

the model compound 2-(4-bromophenyl)benzoxazole from 2-aminophenol

and 4-bromobenzoic acid. The difunctional compound, 2,2-bis(5-(2-(4-

bromophenyl)]benzoxazolyl)hexafluoropropane, XXIII, was likewise

synthesized with great ease and in good yields.

HN CF/ NH,

HOQC QOH

F, P2 0 5 , CH 3SO 3 H 0

XXII 15OC.4h CF 3

+ C F,

r COOH 
XXIII

Prior to the conversion of the bromo substituent of XXIII to

silyl functionalities, an evaluation of pertinent metallation

conditions was undertaken (Table 2-5).

2-13
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TABLE 2-4

*:_ SUMMARY OF COMPOUNDS PERTAINING TO BENZOXAZOLE

CCF,

Xxii ×XXIII

Synthesized Reaction Yield
Compound From Condition Characterization Comments

H2, Pd/C, mp 244-245*C This compound

XXII III N CH2CH3)3, 67% IR 3700-2400, recently became
CH3CH2 OH, 3430,3350, commercially avail-
25C,24 h 1620,1520 able in kilogram

NMR (Acetone-d6) quantities.- ""2.63-3.4 (bs),

6.37-7.07(m)
MS m/e 366

200"C - Only identifiable

(ZN, 24 h product was

C6 H5 CO2 H

mp 102-103"C Confirmed by
NH, 200"C 85% NMR 7.25-7.90(m), Beilstein data

ON24 h 8.15.8.45(m)

C6H5CO2CH3

. li"co m-cresol

.OH 200"C, 24 h 0

}______ 4-BrC 6 H4 CO2 CH2

][.. ,, Neat reaction
,~---- . ON 200"C, 24 h 36% See next entry hampered by sub-

W %..-limation of start-
4BrC6H4 CO2 CH3  ing materials.

. NH, mp 158 C Difficult to

OH, -  
, CH3 SO3 H, 86% NMR 8.O-8.2(m,2H) recrystallize

1 0 4h7.2-7.6(m,6H)
0 4-BrC. H4 CO2H IR OK

XXIII XXII Only identifiable
200"C, 24 h compounds in reac-

-r" 4-SrC H CO CH tion mixture were
6 4 2 3 starting materials

mp 214"C Easily recrystal-
Xy'li Yxxi P205, CH3SO 3H, 90% NMiR 7.3-8.3(m) lized from acetore

150%C, 4h IR 1600, 1480,
4-BrC 6 H4 CO2 H 1250, 1230,

1200, 883, 810

Iz
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Solubility studies of compound XXIII indicated that

tetrahydrofuran would be required as the solvent. Tertiary-

butyllithium was found effective in the metallation of the model

compound 2-(4-bromophenyl)benzoxazole. Although two equivalents of

the alkyllithium reagent is required in most metallation reactions in

order to stabilize the metallated species in solution (Reference 11),

the presence of excess t-butyllithium in the metallation reaction of

2-(4-bromophenyl)benzoxazole had caused hydrolytic ring opening of

the benzoxazole. Stoichimetric control was therefore a stringent

requirement.

The silanols (Figure 2-5) derived from the metallation of 2-(4-

bromophenyl)benzoxazole and the difunctional monomer XXIII posed

difficulties in purification and characterization. The problems were

partially traceable to the difficulty of stoichiometric control of

metallation reagent, resulting in undesirable aromatic alkylation and

heterocyclic ring opening side reactions. Another source of

technical difficulty was the formation of siloxane appendages and

polysiloxane chains and rings during the hydrolytic work-up step that

followed the quenching of the lithiated intermediate with excess

dichlorodimethylsilane. Such formation of polysiloxane chains and

rings always occurs in the hydrolytic transformation of

dichlorodimethylsilane.

A new approach was deemed necessary. A logical alternative

reagent for silanol is silicon hydride (hydridosilane). Oxidative

conversion of the silicon-hydrogen bond to the silanol has been

reported (Reference 12):

CH 3  CH 3  CH, CH,

H-Si CFCFCF, SiHbase HO-Si ,, CFCFCF2 1~S-OHt ) I Q I

CCH, CH3  CM3

Two variations of utilizing the dimethylsilyl group are

possible. In one variation, the dibromo derivative XXIII can be

derivatized to a bis(dimethylsilyl) derivative prior to oxidation to

the silanol product XXIV. The second variation entails the formation

of the bis(dimethylsilyl) derivative directly from compound XXII by

forming the oxazole ring with 4-(dimethylsilyl)benzoic acid (XXV).

* 2-16
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Synthesis of 4-(dimethylsilyl)benzoic acid was accomplished by a

classical Grignard reaction (Reference 13). The purified yield of

44% was considerably better than that of the literature preparation.

The silicon-hydrogen bond has well-defined and unambiguous infrared

and NMR characteristics which provide easy monitoring of the

reactions of XXV.

CH,

H-Si COOH
I

CH 3

:I XXV

Table 2-6 summarizes the reactions of compound XXV in comparison

to other substrates. Neither the azeotropic distillation method nor

the phosphorus pentoxide-methanesulfonic acid method was suitable for

compound XXV. NMR results from the experiments revealed the

destruction of the dimethylsilyl group under those reaction

conditions.

N,N-Dicyclohexylcarbodiimide (DCC) has been known to effectively

promote amide bond formation in peptide chemistry (Reference 14). As

an efficient dehydration agent, it has been applied to the

development of polyisoimide technology. DCC did not effect a

reaction between 2-aminophenol and 4-dimethylsilylbenzoic acid (Table

A" 2-6). In the presence of 0.25 equivalent of trifluoroacetic acid,

formation to yield an amide product XXX took place. An encouraging

result was that the NMR signal of the silicon-hydrogen bond persisted

0 through the reaction. Since cyclization to the benzoxazole ring did

not take place, a second step would be needed. Further work would

require the isolation of XXX and development of methods for its

cyclization.

CH,

NH-C Si-H
NH2  CH, DCC, 0.25 TFA ~ N-

- H-Si COON ro CH,
OH C , THF,

--. XXV XXX

* 2-18
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TABLE 2-6

BENZOXAZOLE RING CONSTRUCTION USING

4-DIMETHYLSILYLBENZOIC ACID (XXV) AND OTHER SUBSTRATES

* 0 , 0M,

XXVI: x - N XXIII: i Br

XXVII: x • Br XXIl XXIX: I - SI(CH 3)2H
XXVII: I -Si(CH 3)H

Description of Reaction React Yield

S ynthesis Method Reactants Product Conditions _ _ Comments

Direct Synthesis ""I XXVI 200-C. 24h 0 Only Identifiable product was

C.MCOOM

Direct Synthesis MI XXVI 200C. 24h Not attempted In view of futile model

VI experiment.ON

CM

CM, XXV

SyntesIs v'a
Este, De ':vat've ' -JO XXVI 200% , 24h 85% N P l 2-103%

C6 H5 COOCH3

• Syntnes sVa . 1 200%, 24h 36% 'a 158%
Est., Der'.atine Xp

a.- * Syn-2 . 2Oto-,c 4h 0 Only starting materlals were recovered.
Est-,De, vt veI

MS~ COOca,

XXVI .O .,H 3 O3M8®% ,v

S"*,-5's vIa M-IN+N , 2*O C. ?4h Not done."'" Est., DerXXalll

0 ~ ~ ~~1 _____________
'-C.,

%" " .I (. COOH

MpO'" XVI 'O 03O3 6 010

* 2-19
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TABLE 2-6. (Continued)

Description of ] _ Reaction Reaction Yield
Synthesis Method Reactants product Conditions Comments

P" A m I XXPII CH3SO3H 90% 214%
Met hod I - I'5IiC. 4n NMR

&b CO..xxi IR

PPMA 7,. C. H3S[3m NMR Indicated loss of
Method - XXVIII 1506C SIN absorption.

4 - 3Rh

CH

CHI. XXV

PPMA Not attempted In view of

Iethod futile model experiment.

X1 I

,r''" N-s, coo-C,.,

ci., XXV

Azeotropc . I toluene Benzene cannot be a substitute

AostilatonXXVI ONoC for tolene as the a zeotropic
O Method !sol vent.

C6 H5COOH I

. AzeotropiCI Toluene 0 NMR Showed loss of SIH absorption.
D4Stj1latIon XXVIII 12'Cl2h
He t hod ON

C- , XXV

Azeotropic A Toluene Not attempted In vie- of

Ostillati on XXIX 120°C futile model experiment.

Ne hdXXII
CH

• ".' " H-S.'-' COO"

% C- X X V

ethd .XXVII -N.RI 0 Only starting aterials were recovered.

CH.

CH., XXV

"CC Method XXVIII R-h-C.N-R Only product was""." XXVIII

O., -H O(RCzHi 
C)

' "'CH 0 .25 eq. N $4 - H

I. CF3C02
H  

N
,C -a NX• N-s., €~.ooi. 04 XXX

CH, XXV No ring closure.
% I NNR showed intact SIN function

DCC Method XXVI R-N-C.N-R Only product wasi .,. . "  'o (R.C6N1 l )

0-25, eq.
CF3CO2 

C Ph

LC No ring closure.

2-20
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0, 2.5 PHTHALOCYANINOSILOXANE COMPOUNDS

The phthalocyanines have been known to impart ultrahigh

temperature stability to resins that contain them. Based on

isothermal aging studies, phthalocyanine-containing polyimides

(Reference 15) can be considered as potentially useful 700°F (371 0 C)

resins. The silicon-phthalocyanine polymer, in particular, can be

readily synthesized in large quantities and has high molecular weight

(References 16, 17) (Figure 2-6).

The phthalocyaninosiloxane polymer resins are especially

attractive because of their structural similarities to high

temperature silane-type coupling agents and silicate networks

produced by sol-gel polymerization. Phthalocyaninosiloxane polymers

selected for evaluation included both high molecular weight materials

and oligomers with appropriate pendent groups.

* The route chosen to make the phthalocyaninosiloxane monomers

involved converting phthalonitrile to i,3-diiminoisoindole (XXXI)
(Reference 18), which could then be condensed to the phthalocyanine

ring system. Dichloro(phthalocyanino)silicon (XXXII) is the starting

material for subsequent phthalocyanine compounds XXXIII through
XXXVI.

R

XXXII -CI

XXXIII -OH
CH 3  CH,

"I I
*NXR XXXIV -o-Si-O-si - OH

, .: N .Si /
*\Ph Ph

NN

N CH 3
aL XXXV -o-si- Cl

Ph

CH,
xxxvI - 0 i-OH

Ph

2-21
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S

mQCN

4-

CN .-"- \

A NH cl N

1,3-diiminoisoindole N

XXXI

XXXII

Pc Si C12

AAs shown in Table 2-7, previously reported direct synthesis of

* XXXII from phthalonitrile with excess tetrachlorosilane or

stoichiometric amounts of hexachlorodisiloxane resulted in low yields

" of 7 and 23.6 percent, respectively (Reference 19). Subsequent

- improvement via the intermediate compound XXXI was achieved.

Compound XXXI can be routinely synthesized and possesses long shelf

life.

In this laboratory, the synthesis of XXXI was carried out

routinely in 100-300 gram lots and generally in 72 percent yield

(Table 2-8). The conversion of XXXI to dichloro(phthalocyanino)-

silicon (XXXII) was evident from the formation of intense blue-purple

color in the reaction mixture. Filtering the reaction mixture at a

temperature above 180 0 C turned out to be a critical laboratory

technique. Microcrystalline blue-purple solids were obtained in

yields comparable to literature reports. In an earlier experiment,

the temperature of the reaction mixture was allowed to go below

* 180 0 C, whereupon filtering was virtually impossible, probably due to

the precipitation of other extremely fine particles. An extended

waiting period was needed to allow coagulation to occur, and the

product appeared to be less crystalline. Although it was not

.possible to ascertain the purity of the latter batch by IR or NMR,

its purity was questionable due to the fact that the subsequent

hydrolytic conversion to the dihydroxy derivative afforded low yields

.

* 2-23
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TABLE 2-7

SUMMARY OF LITERATURE METHODS FOR

DICHLORO(PHTHALOCYANINO)SILICON, XXXII

Synthesized Reaction
Compound From Condition Yield Characterization Comments

XXXII [N CN SiC1 (xs) Combustion
,+quinLlCine 7% Analysis Ref. 19Q!iCN 220"C,2h IR

fIIICN C13SiOSiCl3
XXXII quinoline 23.6% IR Ref. 19m*C,4h

Q'"CN 219"C,4h

N NaCH3  mp 195-196"C

NH CH30H 43% Ref. 18
XX~ NQ CN Reflux, 3h

XXXI NH

SiC1 4 (xs) IR
XXXII XXXI quinoline 71.7% Ref. 18

219"C, O.5h

xxxi CN NaOCH3 50% mp 192-196"C Ref. 16
CH30H

* reflux, 3h

SiCl 4 (xs) Combustion
- XXXII XXXI quinoline 59.7% Analysis Ref. 16

219 C, 0.5h

SiC1 4 (xs) Combustion
XXXII XXXI NBu3  80% Analysis Ref. 17

tetralin IR
reflux, 2h

0 2-24
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TABLE 2-8

SUMMARY OF PHTHALOCYANINE-RELATED COMPOUNDS

NH

R N-

NH N\ XXXII - XXXVI

.. xN

Synthesized Reaction

Compound From Condition Yield Characterization Conments

S c N  
NaOCH3, m.p. 192-194 Comparable to

%: XXXl CH30H ,  72% Ref. 16, IS

CN Reflux, 3h

XXXII XXXI SiCl4 (xs), IR OK Comparable to
R=CI Quinoline, 67% mp >300C Ref.18; filter-

21l9C, 0.5h ing must be
S carried out at

180' C

XxxIII XXXII NaOH(aq.), IR OK Dried at 10C
R:OH Pyridine, 95% NMR - not soluble over P2 05 for

RefTux, lh mp >280C next reaction

1. Pyridine, tri- NMR showed the Solub'" in

xxxIV XXXI II and ethylamine 36% correct compound commnon solvents
C",, N 25"C, 168h containing other including hexane;
CK ,% 1 W 0 W.C1siloxane impur- did not crystal-

-o0o - 2. Dioxane, pyridine, ities lize after column

H2 0, 25"C, 18h chromatography

SPyridine, 250 MHz FT-NMR RecrystallizedF , xxxillI n Triethylamine, 50% indicated high from-toluene;
70C, 40h (purified purity FT-NMR was manda-

C. yield) tory for charac-
R= o - terization due tol

V low solubility in'
common deuterated,

solvents

XXXV1 XXXV Dioxane, Not 250 MHz FT-NMR Low solubility
Pyridine, determined IR OK necessitated FT-

25C, 18h NMR; hydrolysis
" under this condi-I

P: o-6-0. tion was incom-

f plete

XXXV XXXIII Pyridine, mp 292-3"C

and Triethylamine, 72.2% IR OK
R = K 25"C, 192h (crude Combustion

0 - W ' C' y i e l d ) a n a l y s i s

P6 - % No NMR

uLote~atule C8
Oat a

Dioxane (25;. mp 380C The hydrolysis

XXXVI XXXV Pyridine '1), 98.9% IR OK had not one to
R • . ,water (1), (crude Combustion c3mpletion; NMR

25-C, 18h !yield) analysis needed for more

S No NMR accurate deter-
mination of
purity a-d yield

2-25
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0 (ca. 18 percent). In comparison, using crystalline dichloro-

(phthalocyanino)silicon, XXXII, for the hydrolysis reaction gave

virtually quantitative yields of dihydroxy(phthalocyanino)silicon,

XXXIII (Table 2-8).

The alternative method for the synthesis of XXXII, using tri-n-

butylamine and tetralin as co-solvents, did not proceed as claimed

(Reference 17). It is apparent that both a higher boiling medium and

a more polar environment are essential.

Conversion of dihydroxy(phthalocyanino) silicon, XXXIII, to

siloxane derivatives XXXIV and XXXV was achieved (Figure 2-7).

Although XXXIV had good solubility in common organic solvents, it was

difficult to recrystallize. Purification was accomplished by the

more tedious column chromatographic technique, which makes efficient

preparation of polymer-grade material difficult. The other

* chlorosiloxane derivative XXXV was synthesized and purified by
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recrystallization. The low solubility in deuterated solvents

* necessitated the use of Fourier Transform Nuclear Magnetic Resonance

(FT-NMR) Spectrometry analysis. The NMR spectrum demonstrated the

nW purity of the compounds. The advantage of FT-NMR spectrometry in

terms of sensitivity is illustrated in Figure 2-8. The physical

characteristics of the subsequent hydrolysis product did not agree

with the literature (Reference 17). Hydrolysis carried out in strict

adieterce to the literature conditions led to incomplete conversion.

FT-NMR analysis showed the prominent presence of unreacted starting

material amid the product. The presence of unreacted starting

material, however, did not cause problems for subsequent application
to sol-gel polymerization studies. The unreacted silicon-chlorine

bonds likely underwent hydrolysis under the sol-gel conditions.

The need for pure compound XXXVI for construction of high

molecular weight phthalocyaninosiloxane polymer led to a modification

-N of the procedure used. A successful optimization of the hydrolysis

of compound XXXV to XXXVI was achieved by refluxing XXXV in aqueous

pyridine and dioxane for 72 hours.

Preliminary sol-gel polymerization results were encouraging.

After the sol-gel polymerization reaction and stepwise drying over a

gradual temperature gradient, the specimens were cured at 300 0C for

24 hours. A high level of thermo-oxidative stability was

demonstrated by isothermal gravimetric analysis (ITGA) at 400 0 C in

air (Figure 2-9). A scale-up synthesis of dihydroxy(phthalo-

cyanino)silicon, XXXIII, was then completed so that more materials

could be made available.

Despite the thermal and thermo-oxidative stability demonstrated

by these phthalocyaninosiloxane polymer-ceramic materials (PCMs),

they suffered from brittleness. The most promising route to enhanced

O toughness required the synthesis of high molecular weight polymer

(Figure 2-10) for use as a second-phase toughening elastomer. The

synthesis of the required bisureidosiloxane compound, XXXVII, is

illustrated in Figure 2-11. As shown in Figure 2-10, the soluble

* phthalocyaninotrisiloxanediol(XXXVI) was chain extended with

bisureidotetramethyldisiloxane (XXXVII) to form a polymer with the

repeating unit XXXVIII. The isolated product had reduced viscosity

* 2-27

| ., . .. ., . .. ,. .. - . .. . . . . .. . .. . . . .. ......-......... ..... , ... -. . ' .- . -



Nv R N-I

\NT " R= 0-Si-Cl

*N R NH
Hb He

N-

H, Si-C

Si-OHN
CM,

a. Continuous Wave Scan NMR Spectrum

a * *-.14

% N R,N- CMI .

\I, R= O-Sl-Cl

N Si HC

.4N' RN /
NNb He

SHe

Nd Mc

Si-OH

&-2AI

b. Fourier Transform NMR Spectrum

Figure 2-8. NMR Spectra of (Phthalocyanino)sil icon Derivative XXXV.

* 2-28

am -A Lf .. P ?4



140-- 45e

A. Phthalocyaninosiloxane PCM
- 120 449

U
. 43oc

,so 42f, 4,

--------------------------------------------- -- ----

20 1
* 0 I.--- . . . |--------$----$-----.---_

0.0 100.0 200.0 300.8 400.0 500.0 20. 0 700.0 900.0 020.0 2 I. 2 0. 2

-t". I * : : -I I

140- 451

B. PCM from Selected High-Temperature Polyimides

120- 44E

100 1430 .

3000C
4000C 42  -ea.. 42 ao~

/ L

- ,- 0412°

ITi T* 4 B 412 1

F 20 , A392

-- - - - - -

LO

..- Figure 2-9. Isothermogravimetric Analyses of Polymer-Ceramic Materials (PCMs)

* 2-29



CH3  Pc CH3  H3

HO I ~ fI I fHO-S i - 0  O- Si-OH + -J -N- 0

XVXVII

CHI C H ,  CH C.

-0- Si -00O- Si -0- Si -0-Si

CH3  CH 3

-n

v XXXVIII
.4.'

'
4'/

"1* 5<4
Figure 2-10. Increased Molecular Weight by Chain Extension of

Phthalocyaninosiloxane Polymers.

0

2-30

',---.4 ' .. ' - , , - . -"- . -".". . . ,% .- •-.-. .- .- ,- ,. , ,. . ' ' ' ' , . ,j .,. , - ,



i -l 4,- -o + 2 __ T 0

(C CH3 rH TA~--C3 2 CH3 /2

C*HsNCO

(L-- N" Si-,

I0 COH 1

'. xxxvii TEA = Triethylamine

Figure 2-11. Typical Synthesis of Bisureidosiloxane.

TABLE 2-9

PHTHALOCYANINOSILOXANE POLYMERS

N6305-9 Literature (A)

R.V.(B) 0.12 0.10

" pN (C) >6 14

PN(F) 8-9

TG 12 5 -13(0oC(D) lO0oC(E)

* (A) "Compound IV", Reference 17

(B) Reduced viscosity in chloroform at RT, 2 g/100 mL

(C) By integration of NMR Si-CH3 resonances

(D) Small endotherm by DSC, possibly TM

* (E) Softening point

(F) GPC estimate
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of 0.12 in chloroform and Pn (number-average degree of

polymerization) of at least 6, determined by 1H nuclear magnetic

resonance (NMR) of the methyl groups on the Si adjacent to the

phthalocyaninosiloxane moiety, following Davison and Wynne (Reference

* 17). An independent determination of Pn, based on end-group counting

by NMR of the hydrogens in the phthalocyanine ring, also supported

this value. Gel permeation chromatography (GPC) of the polymer in
dichloroethane was routine, and showed a heterogeneity index (ratio

of weight-average to number-average molecular weight, Mw/Mn) of 1.7,

close to the value expected for a linear condensation polymer. As a

-" quasicalibration procedure for the GPC, the monomer XXXVI was also

chromatographed. Since repeating unit XXXVIII has ten Si-O bonds,

while XXXVI has six, it was assumed that the "polystyrene equivalent

weight" (PSEQ) of XXXVIII was 10/6 that measured for the principal

peak of XXXVI. On this basis, the PSEQ Mn found for the polymer was

equivalent to a Pn of 6.6, gratifyingly close to the NMR-based

values. (It is important to note that there are 5 Si-O chain units

in the repeating unit of XXXVIII, so the chain length at a Pn of 6.6

is actually 33 Si-O chain units.) A more detailed analysis of the

. molecular size of XXXVI, based on standard bond lengths and angles

(Reference 20) suggests that the measured PSEQ at Mn for the polymer

-corresponded to Pn 8.5, a value still compatible with the NMR

measurements. Table 2-9 compares our poly XXXVIII with Davison and

Wynne's "polymer IV" of the same structure.

A possible second method to enhance toughening of the

phthalocyanine materials was through the incorporation of a unique

diarylsilane-based siloxane oligomer, XXXIX (Figure 2-12). The

* •oligomer XXXIX was a resinous material as synthesized. It was

isolated during an intermediate stage cf sol-gel processing, as

* described subsequently (Section 2.6.1.1), and the properties obtained

are given in Table 2-10, in Section 2.6.1.2.

2.6 SOL-GEL PREPARATION OF POLYMER CERAMIC MATERIALS

Incorporation of suitable organosubstituted polysiloxanes into

* •sol-gel preparations has been somewhat sketchily described in the

literature (References 21-27). As is also true with wholly inorganic

sol-gel preparations (References 28-30), ratio of reactants (water,

* •2-32
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silicate esters, siloxanediols), catalyst (acid or base), and solvent

composition (ethanol/toluene, THF, diglyme) all contribute to control

of the molecular architecture (cross-link type and frequency) and

backbone sequencing, which play a major role in governing the

properties of the resultant product.

This conventional sol-gel pathway was later supplemented by a

hydrosilation approach. Both pathways are described subsequently.

* 2.6.1 The Conventional Sol-Gel Pathway

*% In the conventional sol-gel approach to preparation of silicate

glasses, tetraalkoxysilanes (e.g., tetramethyl orthosilicate, TMOS)

are hydrolyzed, and resulting silanols condense, eliminating water,
w. to form silicate bonds in a tight three-dimensional network. In

order to provide organically modified silicate glasses, silanol-

I •containing organic molecules may be incorporated, so that the

condensation reaction will link these into the silicate network.

-. Both preformed siloxane polymers (e.g., hydroxyl-terminated

polydimethylsiloxane) and simple silanediols and disilanols have been

reported (References 21-27) as starting materials.

2.6.1.1 Sol-Gel Polymerization Of Phenylceramer Compositions

"Phenylceramer" compositions were prepared using

diphenylsilanediol (DPSD) in a hydrolyzing solution of TMOS or

tetraethyl orthosilicate (TEOS). The initial thrust was to establish

preparative control over this approach to polymer-ceramic products,

* •in the absence of the less tractable Pc/Si moieties. The latter

could then be introduced as partial replacement for the

diphenylsilanediol. Initial preparations used excess water and base

catalysis. Subsequently, lower ratios of water to TMOS were adopted,

* and acid catalysis was also explored.

Phenylceramer polymerizations were undertaken using not only the

DPSD monomer but also a commercially available oligomer,

* poly(diphenylsiloxane) or PDPS, of degree of polymerization (DP)

about six. With the latter starting material, phase separation

became a problem after relatively brief reaction between PDPS

* 2-34



oligomer and partially hydrolyzed TMOS. Temperature elevation in

glyme solvent accelerated the onset of phase separation; it did not

appear to increase the miscibility of the two phases. The water

content of these preparations was set at "50% stoichiometry"; i.e.,

there were half as many water molecules as there were hydrolyzable

methyl groups in TMOS. This ratio was expected to promote linear

enchainment of the resulting dimethoxysilanediol (Reference 29)

rather than a 3-dimensional network or cross-linked structure.

-.. Base-catalyzed DPSD/TMOS preparations at various degrees of

"water stoichiometry" and different ratios of TMOS to DPSD gave no

phase separation problems in suitable solvents. Even after

apparently thorough cure, however, they appeared to be readily

soluble in acetone. Inorganic sol-gel literature (Reference 28)

shows that base catalysis Zavors rapid condensation of partially

hydrolyzed TMOS to tight clusters, whereas the acid-catalyzed process
favors formation of "overlapped" linear chain-extended oligomers,

which can be converted thermally to a cross-linked polymer in a
subsequent reaction.

Phenylceramer was prepared with acid catalyst, at an equimolar

ratio of diphenylsilanediol to TMOS, with "50% stoichiometry" of

added water. A leathery/rubbery solid intermediate-stage copolymer,

presumably composed of diphenylsiloxane and dimethoxysiloxane units,

corresponding to XXXIX, was obtained. This copolymer was examined by
differential scanning calorimetry (DSC), thermogravimetric analysis

(TGA), and Rheometrics dynamic spectrometry (RDS). DSC showed it to

have a Tg about 50 C, and there was a small endotherm at about 1600 C,

* with a marked exothermic shift in baseline at 175-3000C. TGA showed

that this shift corresponded to a mass loss of about 10%. In DSC,

such a mass loss could be seen as an apparent decrease in heat
! capacity (Cp), since less heat would be needed to raise the

temperature of the smaller mass; this probably accounts for the

[ apparent exothermic baseline shift. Continued TGA (non-oxidative) to

"- higher temperatures showed a total mass loss of 35-38% by 700°C, with

little further loss up to 1000 0 C.

RDS cure analysis of ths intermediate-stage copolymer showed

that, on heating above 100 0C, the copolymer became quite fluid;

* 2-35
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viscosity fell to less than 3 poises. There was a small transient

rise in viscosity at 135-1500 C, but it fell again to about 3 poises,

and foaming could be seen. On subsequent holding at 166°C, viscosity

began to rise steadily, and after an hour at this temperature, an

apparent gel point (by RDS analysis) was reached. Continued aging at

this temperature brought about marked increase in network formation,

to the apparent level of a lightly cross-linked rubber. When the

temperature was then further raised, the apparent cross-link level

increased, although RDS machine artifacts contributed to the apparent

stiffness of the material. During this high-temperature (180-3500C)

treatment, the material between the platens appeared capable of

supporting tension. After this postcure and cooling, the remaining

material was brittle and glassy and contained large bubbles. Because

of easy crack formation in this bubble-filled brittle glass, the

platens did not cohere.

2.6.1.2 Sol-Gel Phenylceramer Polymerization Using

Phthalocyaninosiloxane Monomer

As a route to investing polysiloxanes with the thermal stability

of the phthalocyanine ring, phthalocyaninosiloxanes were synthesized

with hydroxyl terminal groups to participate in the sol-gel

condensation. The simplest molecule phthalocyaninosilanediol

[dihydroxy(phthalocyanino)silicon](XXXIII), was too insoluble to use,

so it was converted (Section 2.5) to 1,5-dimethyl-i,5-diphenyl-3-

phthalocyaninotrisiloxane-l,5-diol (XXXVI).

The acid-catalyzed equimolar-ratio phenylceramer preparation was

modified by replacing 20% of the diphenylsilanediol with an equal

number of moles of XXXVI.

The "solids" content and HCI concentration were kept at 30% and

0.014 N, respectively. The reaction time needed to reach a resinous

product was much shorter than with the simple phenylceramer (4 hours

instead of 16). The resulting resin hardened to a brittle "blue

glass" at room temperature.

This glass was examined by DSC, TGA, NMR, and RDS. DSC showed a

Tg about 450 C. TGA weight loss was 3% at 150°C; it continued
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l steadily to 14% at 525 0 C, then increased sharply to 26% at 7000 C,

where a near plateau ensued to above 8500 C. RDS cure study showed

that the glass softened somewhat at 80°C; at 102 0 C it was soft enough

to become sticky. At 1100 C, the material was fluid enough to

overflow the platens and form threads, although the viscosity was

over 1000 poises. Foaming may have begun at 149 0 C; above 1500 C the

viscosity began to rise steadily, peaking near 2000 C. From 2000 C to

about 240 0C, apparent viscosity fluctuated. Above 240°C the force

needed to deform the material began to rise sharply, and the behavior

appeared to become more elastic. At 2750 C, the forces generated had

become so large it was necessary to discontinue the test. The cured

material was quite brittle and flaky when cool; like some base-

catalyzed phthalocyanine-containing sol-gel preparations, it adhered

somewhat to the untreated aluminum platens. The properties of these

two types of "phenylceramers" are compared in Table 2-10.

* Based on the thread-forming behavior, an attempt was made to

advance a portion of this "blue glass" by brief thermal treatment at

1800C. Visual observation during this process indicated that the

glass had already advanced somewhat during the three weeks it had

40 been kept at room temperature. Skinning over of the molten surface

was observed also. Two simple lap shear joints were manually

prepared using FPL-etched aluminum (1" x 5") substrates (1" sq.

overlap).

The advanced melt was quite viscous, but reasonably well aligned

joints were obtained. These were cured for 2 hours at 180 0 C, and

appeared to adhere/cohere well enough to permit handling. One lap

* joint was then postcured 1.5 hours at 3500 C. The two pieces

separated on handling, leaving very brittle residues on both pieces.

The non-postcured joint remained handleable for a few days, but also

broke cohesively under moderate flatwise tension. The failure

surface showed essentially contiguous bubbles from one edge to the

other. A few bubbles extended to the substrate surface, but overall

the cured glass adhered moderately well to the etched metal surface.

NMR spectrometry of the soluble "blue glass" stage showed that

the phenylmethylsiloxane moieties that were adjacent to the
.. phthalocyaninosiloxane group in starting monomer XXXVI had been

2-37
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TABLE 2-10

CERAMER PROPERTIES

Phenylceramer with

Diphenylsiloxane Cpramer 20% "PC Monomer'

Resinous/leathpry at RT "Blue glass" brittle at RT

Tg IOlOC Tg -.450C

Stored in freezer Stored at RT

Liquid (very fluid) at 150-1650C Liquid at 1100C

Viscous, thread-forming melt

Advances/cures at 167-1700C Advances at 150-2400CG

Still foams, emits volatiles Much volatiles during cure
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virtually completely (97%) replaced by diphenylsiloxane moieties.

Some of the phenylmethylsiloxane could be detected in the next

position (i.e., two Si-O units away from the Pc ring). Presumably

there were also some phenylmethylsiloxane groups elsewhere in the

Ochain, but they would not be readily distinguished by NMR

spectrometry.

The most reasonable mechanism for this rearrangement is acid-

catalyzed interchange of Si-O bonds. If this process were random,

the initial ratio of diphenylsilanediol to phthalocyanino-

trisiloxanediol would result in only 67% replacement, so clearly

there was a driving force, either kinetic or thermodynamic, and most

probably of steric origin, favoring the replacement. Whatever the

mechanism, such an effect may also be expected when preformed

polymer, e.g., poly-XXXVIII, is incorporated (for toughening) into

the phenylceramer sol-gel preparation. This might well result in

* scrambling of the preformed polymer block, making it more difficult

to control the block length (and hence the to. :'tening effect) in the

cured polymer.

Conceivably this replacement of one siloxane moiety by another

could be repressed if the chain sequence around the phthalocyanino-

siloxane group were sufficiently stable. The diphenylsiloxane moiety

adjacent to the Pc/Si group might well be that stable. With this in

mind, dihydroxy(phthalocyanino)silicon (XXXIII) was reacted with

diphenyldichlorosilane under conditions that had been successful in

preparing 1,5-dichloro-l,5-dimethyl-1,5-diphenyl-3-

phthalocyaninotrisiloxane (XXXV), but no analogous tetraphenyl-

substituted compound could be isolated by crystallization.

Accordingly, this line of investigation was set aside.

Another approach to control of the unwanted interchange of

siloxane moieties was based on the concept (Reference 31) that

interchange and polymer chain extension may be promoted by different

aspects of the polar catalyst used (e.g., one by degree of acid

ionization, the other by polarizability of the anion). Several acids

other than hydrochloric acid were substituted in the conventional

sol-gel preparation, using about the same acidity and reactant

concentrations. 1H NMR spectrometry was used to follow the rate of
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. interchange. The rate of polymer condensation or advancement was

inferred from the viscosity of the solution or the isolated product;

in a few cases, gel permeation chromatography (GPC) was also used to

.° 'estimate how much advancement had occurred. The results of these

_ studies are shown in Table 2-11. Clearly there were distinguishable

differences among the catalysts between the promotion of interchange

and the promotion of polymer formation. Of the acids examined, none

promoted chain extension rapidly without promoting interchange as

well. In the absence of any reliable guides (Reference 31) to the

catalyst attributes needed to promote desirable reaction paths,

pursuit of this line of investigation would require an Edisonian

approach. It, too, was set aside.

2.6.2 Hydrosilation Sol-Gel Pathway

To avoid the sensitivity of silicon-oxygen bonds to strong acids

and bases, a metal-catalyzed hydrosilation reaction between silanes

(i.e., Si-H bonds) and silanols may provide an alternate route to

stable organo-substituted siloxane/silicate networks (Reference 32).

- The fundamental reaction step is illustrated in Figure 2-13 for a

monofunctional silane and a silanol. Difunctional silanes or

U siloxanes and silanediols or disilanols would provide linear

polymers, while phenylsilane, which is trifunctional, would be a

potential cross-linking site. In addition to the neutral catalyst,

another advantage of hydrosilation is the much smaller volume change

associated with the reaction, since the mass loss of the

polycondensation is so much less (per bond formed) than in the water-
eliminating autocondensation of silanols to siloxanes.

Diphenylsilanediol and the Pc/Si monomer XXXVI were usable

* disilanols. In addition to the commercially available silanes shown

in Figure 2-14 (phenylsilane (XLV), 1,1,3,3-tetramethyldisiloxane

"' (XLVI), and 1,1,3,3,5,5,7,7-octamethyltetrasiloxane (XLVII)), two Pc-

-: containing silanes were prepared by addition of dimethylchlorosilane

* to XXXVI and XXXIII to give the new compounds XLVIIl and XLIX (Figure

2-15), as described in the Appendix.
Several hydrosilation catalysts were tried with various reactant

combinations. Although dibutyltin dilaurate was effective with a

* polysilane-PDMS cross-linking reaction, it did not promote

" hydrosilation with XLVIII or XLIX and diphenylsilanediol. Results
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TABLE 2-11

EFFECTS OF ACID CATALYST CHANGES IN Pc-PHENYLCERAMER

DEGREE OF RATE/DEGREE

CATALYST SILOXANE OF

EXCHANGE ADVANCEMENT

Hydrochloric Acid Nearly Complete High Degree

(Standard)

0 Trifluoroacetic Acid None Little

Acetic Acid Rapid Not Noted

Methanesulfonic Acid Complete Some

p-Toluenesulfonic Acid Much Not Noted

Phosphoric Acid Little Not Noted

Sodium Hydroxide Unknown Much, Condensed

to Microgel

0

R3 Si-OH + R'3 Si-H Metal

"-'

N".,

1- Figure 2-13. Fundamental Hydrosilation Reaction.
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0 with this and other (noble metal) catalysts are summarized in Table

V. 2-12. One example of high-polymer formation was found, but it was

accompanied by extensive rearrangement of the siloxane backbone. In

this example (Figure 2-16), the acidic catalyst H2 PtCl6 was employed;

it may well have catalyzed rearrangement. In addition, enough heat

was necessary to induce reaction so that dehydrative polycondensation

. .* of diphenylsilanediol (to PDPS) could have generated free H2 0, also

-' facilitating siloxane backbone rearrangement.

In summary, the hydrosilation pathway did not prove to be free

of backbone rearrangements, perhaps because the active catalysts were

insufficiently neutral.

2.6.3 Additional Sources of Possible Instability

Statements in related literature imply that some additional

sources of possible thermal instability need to be addressed. One of

these appears to be specific to the transition noble metal catalysts

(platinum, iridium, and rhodium), when used to promote the

- Si-H/silanol reaction: all other groups on the hydride-containing

Si atom may also be exchanged, leading to extensive redistribution of

the siloxane backbone at moderate temperatures (Reference 33).

Increased selectivity for the desired exchange type was reported for

oxide-supported catalysts. The reported findings did not establish

whether the scope of this extensive exchange reaction is limited to

molecules containing the moiety H-SiR 2-O-SiR 2-H. If so, only XLVI

need be disqualified from the group of silane-functional molecules in

Figure 2-15. However, the authors also postulated that R2SiH 2 and

RSiH 3 (e.g., XLV) were particularly unstable in their reaction

conditions. If true, this would necessitate design of a more

suitable cross-linking site for use in this pathway.

A more general thermal instability may be inferred for

phthalocyaninosiloxanes from Kenney's report (Reference 34) of "the

* migration of entire siloxy end groups during the reaction" in 20

hours at 300 0 C under vacuum. These aere groups initially bonded to

the Pc/Si moiety; at least 3 percent of the input end groups were
recovered in molecules to which they could have migrated only after

* scission of this bond. Such a rate of Pc/Si-O bond breakage would
I qpreclude 300°C (572 0 F) service, unless it can be ascribed to
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TABLE 2-12

EFFECTS OF HYDROSILATION CATALYSTS IN POLYMER FORMATION

CATALYST REACTION REARRANGEMENT
,'.5
...

Dihutyltin Dilaurate Little or None None

Wilkinson's Catalyst Some; Oligomer Low Temp: Little

(Rhodium) Formation 260oC: Complete

Neutral Catalyst Some; Oligomer Some; Increasing

(Platinum Complex) Formation with Time/Temp.

(Divinyltetramethyldisiloxane)

Chloroplatinic Acid Some Extensive

(Octanol Complex)

Chloroplatinic Acid Variable; Oligomer Extensive

(>30,000)

*- TFo oun)t Hih Plye

CH 3  0 CH3 Soluble Polymer
H-- Si 0 H 2PtCl6  non-meltingH-".O0 - Si - H + HO-Si-OH MW>30,000

CH extensively
"CH 3  rearranged.

. XLIX

%,5.

* Figure 2-16. High Polymer by Hydrosilation Reaction.
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peculiarities of the particular input molecule that Kenney used

(specifically, to the absence of a sterically protecting group on one

side of the Pc/Si ring).

2.7 ALTERNATIVE APPROACHES

However formed, it is likely that a polysiloxane backbone

containing a sequence of more than three -SiR 2 -O- units (where R may

be alkyl, phenyl, or free vinyl) will be susceptible to chain

shortening (or chain scission) with loss of cyclotri- or

cyclotetrasiloxane at high temperatures (References 35, 36).

Interruptions in the polysiloxane backbone are presumably needed to

avert this instability. The massive phthalocyaninosiloxane moiety

may act as one such interruption, raising the temperature of thermal

breakdown (TGA weight loss) noticeably higher than that of

conventional polysiloxanes, though not as much as did the stiff and

* massive carborane moiety (Reference 37).

A general concept for creating such interruptive moieties is

shown in Figure 2-17: react XXXII with a bis(dimethylsilanol) so as

to produce a longer-chain bis(dimethylsilanol) that can be

incorporated into a sol-gel polymer ceramic composition or into a

" block copolymer with short polysiloxane moieties.

o. Two readily available bis(dimethylsilanols) are shown in Figure

2-18. As noted, L is commercially available, while LI is a

13 proprietary product of Hughes IR&D Programs. Other Hughes

proprietary products are also available. Thus XXXII and L would give

LII (Figure 2-19).

0:£I
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CH3 CH 3
I I

Cl C I- + 2 HO-Si- R- Si- OH
-M I I

CH3  CH3
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,
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VCH 3  CH3f CW3 CHHO -Si- R- Si_ - 0- Si- R- S,_ -OHII I

CH3  CH 3  CH3  CH3

Figure 2-17. Proposed Synthesis of "Interruptor"
S P hthalocyaninosi loxanes.

1

CH 3  CH 3

Commercially.- HO - Si -& Si - OHL
Available

CH3  CH3

CF CH3

* Proprietary HO-Si-C Si-OH LI
I I
CH 3  C F3 CHI

S. Figure 2-18. Available Bis(silanols).
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HOV[ OH + HO- i i-OH

CH3  CH3

XXXII L

C1H3 CH3 P CI4 CH3I 17 0 _II
HO - S i - Si -S - OH

CH3  CH3  CH3  CH3

LII

Figure 2-19. Synthesis of a Specific "Interruptor".

HOC - Si - OH

r
* • LIII

Figure 2-20. Potentially Stable
Phthaocyan inosiloxane.
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2.8 CONCLUSIONS

Polymer-ceramic materials were made that had thermogravimetric

stability but were hard and brittle. They were somewhat adherent to
K. etched aluminum substrates; internal stress and volatiles generation

during cure led to cohesive failure of the non-toughened material

when applied in a simple lap joint.

The goal of a 371 0 C (7000 F) maximum service temperature remained

"- elusive, and may be unrealistic, given the limitations of carbon-

carbon chemistry and the propensity of siloxane chains to rearrange.

Nevertheless, indications were found that more stable structures

could be defined.

From the standpoint of a hard block - soft block approach to

toughening, stable "soft" blocks based on siloxane chains need to be

k assembled. Stability, in this situation, includes resistance to
E rearrangement. The phthalocyaninosiloxane unit alone may not be

sufficiently stable, but the bulkier tetraphenylphthalocyanino-

* 'trisiloxane moiety may show promise, as well as other interruptor

groups in the chain. The siloxane rearrangement is subject to

catalysis during the sol-gel polymerization; selectivity of catalysts

to reduce exchange during polymerization appeared to be possible,

also. This was true of both the silanol polycondensation and the

hydrosilation routes to siloxane chains.

"Hard" blocks may comprise heterocyclic polymer moieties of the

" kind envisaged in the original approach (benzimidazoles,

benzimidazoquinazolines, and benzoxazoles), as well as the three-

dimensional silicate (ceramic) structure resulting from the sol-gel

reactions.

Routes to synthesis of the heterocyclic precursors proved more

difficult than had been anticipated, but many of the problems were

overcome, and success seems possible with sufficient further effort.

Difficulties that were encountered involved purification of the

silanol-containing heterocyclic moieties. Some alternative routes to

.* the final silylation were explored, and some promise was shown.

"' Thermal/oxidative stability of these heterocyclic moieties to

about 316-343 0 C (600-650°F) is a possible limiting factor. These

heterocyclic hard blocks should be less brittle and respond better to

O toughening than the wholly inorganic hard blocks.

The direct products of the sol-gel reactions, i.e., the silicate

three-dimensional structures, appeared to be stable, although it is
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unclear whether microblocks (e.g., assemblies of relatively few Si-O

tetrahedra) may be subject to the same kinds of rearrangements as the

siloxane chains. If so, they should also respond favorably to

selective catalysis during sol-gel reactions.

Overall, a maximum service temperature goal of 316-3430 C (600-

650°F) may prove more realistic for these materials.

2.9 RECOMMENDATIONS

The lines of investigation recommended for further inquiry are

* ~.given in an order selected to permit early decisions on routes that

- may provide simple solutions, while allowing more far-ranging studies

of the more complex approaches, if needed.

1. Establish whether the l,l,5,5-tetraphenyl-3-phthalocyanino-

trisiloxane-l,5-diol (LIII) can be prepared (Figure 2-20), and

whether it can provide a sufficiently stable siloxane chain to

* avoid the rearrangements noted in Section 2.6.1.2.

2. Prepare LII and analogous compounds from XXXII and L or LI and

establish whether such molecules can provide a sufficiently

stable siloxane chain.

3. Based on modern hard/soft acid-base theoretical considerations,

. select candidate catalysts for the TMOS-based sol-gel process

(Section 2.6.1.2) and evaluate in the model system utilizing

XXXVI and diphenylsilanediol. Include solvent variations and

additions of such "drying control additives" as formamide

(Reference 30).

4. Using as a model system XLVIII and diphenylsilanediol, determine

whether an active, neutral chloroplatinate catalyst can be

* found, in order to produce high polymer without rearrangement.

Also try other noble-metal complexes and supported catalysts.
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APPENDIX

The preparation of most of the compounds discussed previously has been

described succinctly in Tables 2-1 through 2-6 and 2-8. Several

preparations are described more fully below.

1. 1,5-Dimethyl-i. 5-diphenyl-3-phthalocyaninotrisiloxane-i. 5-diol

(XXXVI).

The hydrolysis of PcSi(OSiMePhCI) 2 (XXXV) was monitored very

precisely by utilizing Fourier transform nuclear magnetic

resonance (FT-NMR) spectrometry techniques. The partially

hydrolyzed soluble XXXV (19.5 g) was placed in a 500 mL round-

bottom flask along with 250 mL of dioxane, 10 mL of pyridine, and

10 mL of water. The reaction mixture was magnetically stirred,

and aliquots were periodically removed and added to water. The

* resulting precipitate was filtered and dried, and examined by FT-

NM7R. The reaction takes 46 hours, and quenching should be done

at completion, as side reactions occur which appear to involve

hydrolysis of the PcSi-OSi bond. (Evidence for this was a very

small NMR signal around 0.0 ppm in the final NMR spectrum.)

After 46 hours, the flask contents were poured into water (1.5

. L), filtered, washed with 300 mL water, and dried at 800 C in

vacuo using P205 desiccant. The yield of soluble XXXVI

(NNR-pure) was 19.6 g (100%).

2. I,3-Bis(l-pvrrolidinvl)tetramethvldisiloxane

Ethyl ether (300 mL) was placed in a 500 mL round-bottom flask

.0 along with pyrrolidine (50 g, 0.70 mole) and triethylamine (100 mL).

Dichlorotetramethyldisiloxane (50 g, 0.246 mole) was added to this

solution kept at 0°C over a period of 1 hr. The reaction mixture was

allowed to warm to room temperature and was stirred for 1 hr. The

i milky white slurry was then filtered via Schlenk technique (the

product was very hydrolytically unstable), and distilled. The

fraction boiling at 114-1160 C at 2 torr was collected as product:

50 g. (75% yield; GC shows 98+% purity). IR (NaCl plates): 2980,

1260, 1110, 1070, 1040, 800. 1H NMR (CD2C12 ):3.l(m, 8H), 1.95(m, 8H),

0.50(s, 12H).
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3. 1. 3-Bis (N-phenyl-N' -tetramethyleneureido) tetramethyldisiloxane

(XXXVII).

Ethyl ether (250 mL) was placed in a 1 L round-bottom flask,

along with 1,3-bis(l-pyrrolidinyl)tetramethyldisiloxane (50.0 g, 0.18
-  mole). To this was added at 0°C freshly distilled phenyl isocyanate

(40 mL, 0.37 mole, in 50 mL ethyl ether). The use of large syringes

II and septa was most helpful in handling the large quantities of air-

sensitive reagents. The reaction mixture was stirred at room

temperature overnight. The large amount of product was filtered via

Schlenk technique and dried in vacuo. It was impossible to analyze

this material by GC as it did not have the requisite thermal

stability. The solid was placed in a dry box and transferred to a

tared bottle. The yield of white crystalline solid was 83.7 g (90%),

% m.p. 116-118 0C.
1H NMR (CDCI3 ):7.6-7.0 (m, 10H), 3.05 (m, 8H), 1.80 (m, 8H), 0.60 (s,

12H). IR (CC 4 ): 2970, 2880, 1680, 1630, 1592, 1400, 1260, 1070.

4. 2,2-Bis 5-r2- (4-bromophenyl)]benzoxazolyl}hexafluoropropane

p (XXIII)

A mixture of p-bromobenzoic acid, (2.1 g, 0.12 mole) 2,2-bis(3-

amino-4-hydroxyphenyl)hexafluoropropane (XXII, 1.83 g, 0.05 mole) and

25 mL of phosphorus pentoxide-methanesulfonic acid solution was heated

to 150 0 C for 4 hours, cooled, and poured into 200 mL of ice-cold 5%

- sodium hydroxide solution. The resulting precipitate was filtered,

.. dissolved in hexane-dichloromethane solution, and dried over anhydrous

sodium sulfate. The mixture was filtered and evaporated to give a tan

solid (2.0 g, 90% yield). A portion of this was chromatographed

(hexane-dichloromethane on silica gel) to give an analytical sample.

- The amorphous solid had undetermined melting point(s) but was pure and

of the correct structure as determined by IR (no carbonyl) and NMR.

Benzoxazole oligomers are well known to exhibit liquid crystalline

behavior. IR(KBr) :1595, 1470, 1250, 1230, 1198, 1138, 1070, 1010,

830, 810, 730. 1H NMR (CDC 3 ) :8.05 (d, 4H, J=8.6 Hz), 7.90 (s, 2H),

7.64 (d, 4H, J=8.6 Hz), 7.52 (d, 2H, J=8.8 Hz), 7.26 (d, 2H, J=8.8
,-=%<13

Hz); C-NMR(CDCI3 ) 163.33. 150.64, 141.99, 132.31, 130.35, 129.04,

127.46, 124.5 (q, 2C, J(C,F)=287.4 Hz), 126.75, 125.52, 122.54,

110.31, 64.57 (septet, J(C,F)=25.6 Hz).
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5. 1.1.5,5-Tetramethyl-3-phthalocyaninotrisiloxane (XLIX)

Dihydroxyphthalocyaninosilicon (24.8 g, 0.0432 mole) in a dry 500

mL round-bottom flask was treated with a solution of 300 mL of dry

pyridine and 60 mL of dry tributylamine. Dimethylchlorosilane (16.3

g, 0.170 mole) was added to the vigorously stirred reaction mixture,

and stirring was continued under nitrogen for 8 days at room

temperature. The mixture was filtered and the solid product was

dissolved in 1.6 L of boiling toluene. This solution was filtered and

the filtrate was cooled and let stand 48 hours. The crystalline

product was filterad off, washed with cold toluene, and dried under

vacuum. The yield of 19.2 g was 64 percent of the theoretical. The

product was characterized by proton NMR and IR spectrometry.

6. 1,1,3.7,9,9-Hexamethyl-3.7-diphenyl-5-phthalocyaninopentasiloxane

XLVIII)

1,5-Dimethyl-1,5-diphenyl-3-phthalocyaninotrisiloxane-l,5-diol

(7.6 g), dissolved in 150 mL of anydrous pyridine, was treated with

dimethylchlorosilane (25 mL, 0.23 mole). The mixture was stirred

under nitrogen for 2 days at room temperature, and was then filtered.

S The filtrate was evaporated to dryness in vacuo. The yield of 9.3 g

was 93 percent of the theoretical. H NMR(CDCl3 ): 9.535(m, 16H), 6.6,

6.29, and 4.83(arom, 9.4H), 2.94(m, 1.5H), -1.06(m, 11H), -2.59(s,

6H). IR (NaCl plates): 3580, 3080, 2920, 2105.

7. Sol-Gel Reactions

7.1 Sample K2359-96-1 (EC677)

Diphenylsilanediol (3.0 g) was placed in a 50 mL round-bottom
flask, along with 2.0 g of tetramethoxysilane, 3 mL of toluene, 3 mL

of ethanol, 5.0 mL of water, and 0.5 mL of 5% aqueous NaOH. The

mixture was stirred and refluxed for 2 hr. The mixture began

refluxing as both a solid and two liquid phases. During the reflux

period it became two clear liquid phases. The top aqueous layer was

discarded and the residue (3.7 g) was labeled, bottled, and submitted

for evaluation.
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7.2 Sample K2359-96-2 (EC678)

.4 XXXVI (2.0 g) was placed in a 50 mL round-bottom flask, along

with 2.0 g of diphenylsilanediol, 2.0 g of tetramethoxysilane, 3 mL of

toluene, 3 mL of ethanol, 5.0 mL of water, and 0.5 mL of 5% aqueous

NaOH. The mixture was stirred and refluxed for 12 hr. The mixture

did not dissolve or react in the same manner as K2359-96-1 described

above. For this reason the mixture was taken up in 50 mL of glyme and

refluxed 4 hr. At this time the condenser was removed and the mixture

was cncentrated by simple distillation to about 8 mL. The residue was

labeled, bottled, and submitted for evaluation.

7.3 Sample K2359-102-B (EC680)

XXXVI (2.0 g) was placed in a 100 mL round-bottom flask, along

with 2.0 g of diphenylsilanediol, 1.0 g of tetramethoxysilane, 50 mL

* of glyme, 5.0 mL of water, and 0.5 mL of 5% aqueous NaOH. The mixture

was stirred and refluxed for 12 hr. The mixture was concentrated by

rotary evaporation to about 8 mL. The residue was labeled, bottled,

and submitted for evaluation.

7.4 Sample K2359-102-A (EC679)

XXXVI (4.0 g) was placed in a 100 mL round-bottom flask along

with 1.0 g of tetramethoxysilane, 50 mL of glyme, 5.0 mL of water, and

0.5 mL n. 5% aqueous NaOH. The mixture was stirred and refluxed for

12 hr. The mixture was concentrated by rotary evaporation to about 8

mL. The mixture was concentrated by rotary evaporation to about 8 mL.

The residue was labeled, bottled, and submitted for evaluation.

7.5 Sample K2359-106-A

Diphenylsilanediol (3.0 g) was placed in a 100 mL round-bottom
* . flask, along with 3.0 g of triacetoxysilane, 45 mL of glyme, and 5.0

mL of water. The mixture was stirred and refluxed for 12 hr. The

mixture was concentrated by rotary evaporation to 7.0 g. The residue

was labeled and bottled.
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1 DESCRIPTION OF PROGRESS

This report summarizes the work that has been accomplished during the course of

the project. A description of the analytical, numerical, and experimental work will

follow some preliminary remarks motivating this research.

2 PRELIMINARY REMARKS

-.. When bonded joints are subjected to loads the latter are, generally, transmitted

from one of the adherends to the other through a complex path of stresses. In this

stress path, concentrations occur usually near the termination of the joint. It is

usually these stress concentrations which determine the ultimate load to which a

bonded joint can be subjected. Hence the joint termination area is a zone which

should receive special attention in the design procedure. We shall see below that

this is especially true in connection with the environmental problem of solvent

ingression.

Environmental influences must be considered when one examines the suitabil-

ity of (new) polymers for adhesion purposes. This is true of temperature. especially

in a program aimed at developing high temperature adhesives, as well as of solvents

which are normally present in an aircraft environment, including particularly, water.

While residual stresses develop from the differential contraction of materials during

cool-down in the manufacturing process, solvents tend to swell polymers to varying

degrees and thus would seem to oppose the effect of the cool-down process. How-

evet. this observation seems to hold in practice only once, namely when a solvent

enters the polymer for the first time. Yet, there seems to be no clear picture of how

clic diffusion and the stresses interact to affect the subsequent bond stren.gth.

When the temperature is raised to or above the boiling point of the solvent

3-2
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a competition arises between its vaporization and diffusion out of the polymer.

Vaporization is clearly undesirable since it tends to disintegrate the polymer but

it requires a sufficient concentration of solvent to become destructive. Thus it is

clear that this failure scenario may depend as much on the rate of diffusion as on

the concentration of the solvent present. It is clear that this failure mode is all

the more critical since it would tend to occur in the joint termination region where

there are stress and strain concentrations. Because this question is so critical to the

safe operation of bonded joints intended for high temperature use it is the purpose

• ". .' of this portion of the program to examine the basic question of solvent diffusion as

it occurs interactively with the local state of stress in a bonded joint.

3 DIFFUSION MODEL

3.1 General

It is important to discuss how we visualize the diffusion process wilile our delibera-

tions occur at the molecular level their description will be entirely in phenomrnolog-

ical terms. This approach is based on our firm conviction that an understanding is

S-" relatively easy in molecular/mechanical terms, but extremely difficult to represent

- -. ianalytically and realistically for applications to engineering systems. On the other

hand, we know from experience quite a bit about how molecular phenomena are

representable in terms of phenomenological description.

The underlying idea is that the motion of the diffusion molecules depends

on the space (free volume) avaliable to them in the form of vacancies, cavities.

- or other transport paths, which may be of the same dimensions as the diffusing

Molecules. Clearly there must be some driving forces which cause the diffusing

species to migrate into the polymer. With some thought one can imagine that

3-3
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these forces take the form of a diffusant concentration gradient, pressure gradient

on the diffusant due to the polymer, and other chemical forces occurring between

the diffusant and the polymer molecules. It is interesting that by considering if the

thermodynamics of the diffusion process that these driving forces can be derived

plus another in the form of the gradient in temperature [19].

The situation is complicated by the polymer's constitutive behavior which is

currently best described by nonlinear viscoelasticity. The nonlinearity comes about

by the introduction of the polymer's intrinsic viscosity. Coupling between diffusion

and mechanical response occurs because the intrinsic viscosity is also dependent

on the free volume of the polymer. Further indications that we are on the right

* track is the work by Thomas and Windle [17] which showed that a key element in

modelling non-Fickian behavior is in the relaxation of mechanical properties that

' characterizes a polymer.

Below we will try to explain the physical basis for the driving forces and

present a diffusion model which may be able to cover the range from Fickian to
Case II diffusion.

53.2 Physical Basis of the Diffusion Driving Forces

'a. iConsider a diffusant molecule which can be visualized as a "ball". When there are

* more "balls" bouncing on one side this particular ball than on the other side, it

,will experience, on the average, more impacts from the denser pack of balls and

,' move away from it. This view accounts. basicallv. for the observation that diffusing
'aS.

imolecules will move in the direction of the negative gradient of the concentration.

The fact that the ball would be expected to move the faster the more impacts

it receives per unit time represents the fact that the rate of mass transport is

pr(portional to the size of the concentration gradient.
0

3-4

%6



-The diffusant molecules will also experience forces exerted from the polymer

itself. These are not the forces due to chemical potentials between the polymer and

diffusant molecules but the forces due to loads caused by the swelling process as

diluent penetrates the polymer and/or external loads applied on the polymer. An

unbalance of pressure on the "balls" will tend to drive the "balls" from a region of

high pressure to that of a low pressure. Thus the solvent molecules move in the

direction of the negative of the gradient of pressure. The greater the unbalance of

pressure the more likely that the "balls" will move increasing the mass flux of the

: 'S. .diluent.

The chemical affinity between the polymer and the solvent molecules will

intuitively affect the mass transport rate. This affinity is responsible for the system's

desire to draw in solvent on the one hand and to dilate the polymer structure to

accommodate as many of the solvent molecules as there is room. In a simplistic

way we may think of this process as the desire by the solvent molecules to attach

themselves to as much surface of the polymer molecules as possible before "the

-" space gets crowded". Similarly, one would expect that if two species repel each

-', other, diffusion should be very difficult. From our interpretation this chemical

driving force should be dependent on the solvent concentration and the sign of the

term will depend on whether the force is attractive or not.

" . From thermodynamics the gradient of temperature should also be included as

* a driving force. One explanation is as the solvent "ball" moves in the direction of

increasing temperature its speed and subsequent distance traveled will increase and

likewise decrease in the direction of a negative gradient. Therefore on the average

• "-"the "'balls" will move in the direction of positive temperature gradient. The effects

of a temperature gradient should be minimal due to the large differences in the time

.cales between heat conduction and molecular diffusion. More importantly the effect

; ... f temperature will be increase the average kinetic energy of both the polymer and
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solvent molecules. This increase in energy will accelerate the process by helping the

polymer molecules to reorient themselves to accommodate the diffusant "balls" and

by increasing the speed of the "balls" themselves. Therefore the proportionality

constants for all the driving forces should be functions of temperature.

We now assume that the all these driving forces contribute independently in

- ,an additive manner to the mass flux. The mass flux equation can now be given

explicitly as

j=-DVC- KVP + AVT (1)

where the j is the mass flux, D is the diffusion coefficient, C the solvent concentra-

tion, P the pressure acting on the solvent, T the temperature, and _ the chemical

affinity driving force function. K and A are the proportionality constants for the

pressure gradient and temperature gradient driving force functions, respectively.

3.3 Time shift factor

So far we have considered only the time response of the polymer under the attack

of diffusion molecules, but we have not yet addressed the fact that the rate of the

accommodating and coordinated motion of the molecule segments is influenced by

, the intrinsic polymer viscosity. This intrinsic viscosity is, in turn governed by the

free volume.

The shift factor 6 which governs the rate of internal molecular viscosity is a

function of the temperature history T(t). isotropic stress component 7 kk and the

diluent concentration C.

0 The diffusion process is influenced by the time shift factor in the following way:

- When a diffusant molecule forces the segments of the neighboring polymer chains

.- . t) move in order for it to pass. this resultant motion is accelerated in proportion to

* the shift factor. Thus tile time for diffusion should be -reduced- by this shift factor

* 3-6
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according to the relation
Idt' -- d (2)

O(T, rkk, C)

which is the same form as normally encountered with viscoelastic behavior. Since

the internal material time is "reduced" by the shift factor the mass flux equation

(1) must also reflect this and should now be given as:

.j= (-DVC- KVP + AVT + (3)

3.4 Diffusion Coefficient

How to predict the functional form of the diffusion coefficient D is one of the current

* •research topics in polymer diffusion today. Early work by Crank [9] used the mean

values of D given by the initial-rates-of-sorption curves for a number of surface

concentrations to determine the relationship between D and C. Work by Fujita

[10] tries to theoretically define the functional form of D and correlate the required

constants with experimental data. More recently Vrentas and Duda [18] try to

S' develop another model for D by considering the self diffusion coefficients of the

polymer and diluent. They claim to compare favorably to experimental data and

succeeded in modelling some behavior not captured by the Fujita model.

It is not clear to us on exactly how these diffusion coefficient models were

developed and there appeared to be significant amounts of "hand waving". Even

so. these models can still be if they can be shown to be valid for our polymer-solvent

-,'.," v st em.

* •3.5 Pressure Coefficient

By assizling that the only driving force on the mass flux is an external pressure and

.y modelling the mass transfer as a Poiscuille flow one can show that the pressure

0

3-
6 " " " " " " - ' - - - - ° " - - - • " - - . " " ° " - % " " . ' % ' - " , " - " • ," - % ,% ' ,



coefficient can be given as:
K k.... (4)

Where p, is the density of the solvent, r7, the viscosity of the solvent, and f the free

volume fraction raise to some power n. If in addition one recognizes the fact that

external pressure is being supported by both the polymer and the solvent the value

* of K in equation (4) could be modified to:

K k,. . K(3K + 4y) (5)

?Is s(3K + 41 tf) + 4qi(l - f)

Where K and pL are the bulk and shear modulus, respectively and the subscript s

denotes the solvent's properties [4].

* 3.6 Summary of Governing Field Equations

We may now summarize the pertinent equations which govern the diffusion in poly-

mers (in general). These are:

A, A. Constitutive Behavior:

f = f0 + A f' a(t' - ')dT + B f l(t' - J')drkk + f N(t' - ')dC (6)

ln = (7)

ti- = (8)
%'*, (T,r kj,C)

-':''O~iI  1.Stress-Strain

s t) ft, ji(t' - (')de j (9)

't2. Diff.tion

Lx) _ ,, (-DVC' - VP + ,7VT + ) (11)

13. Fiel, Equatiolls

! 1. Equfilibril3
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rij + -- =0 (12)

2. Strain-displacement
= (u + u,,) (13)

3. Mass Conservation

- + V . = 0 (14)

where the following defi-itions apply:

f= free volume

V = total volume

f = = free volume fraction

fo = reference free volume

t = time

-(t) = thermal creep function
Ml(t) = mechanical volume creep function

1(t) shear relaxation modulus

N(t) = concentration creep function

T temperature

C = concentration

.4. B. F. A = proportionality constants

0o = (instantaneous) shift function

*.. b = constant in WLF equation

re(duced time

-2d displacement component

* - strain component

- -= deviatoric strain component

7, stress component

-" .-,= deviatoric stress component

3-9
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j = mass flux vector

D, 1 = proportionality constants

S = Chemical "driving" force

- body force component

4 NUMERICAL WORK

4.1 General

The solution to the field equations that govern the diffusion process in polymers

will in general be obtained numerically. Both the coupling of the governing partial

differential equations and the nonlinear constitutive behavior necessitate the use

of a numerically derived solution. The numerical analysis has progressed in along

two separate methods. We initially used the method of finite differences to solve

the one-dimensional diffusion problem by converting the partial differential field

equations into its numerical equivalent. Converting the differential equations is

straight forward and there are a large volume of references in the subject. We

pursued this area until we had to solve the coupled diffusion-viscoelastic problem,

here we ran into a host of numerical problems. At this point we felt that perhaps

there might be a better way to solve the problem.

Other researches here at the California Institute of Technology have been

u1sing a program call FEAP (Finite Element Analysis Program) to solve the coupled

thermal-viscoelastic problem. As the name of the program suggests the technique

of finite elements is used to numerically model the governing field equations. Since

the field equations governing the heat conduction problem is very similar to the

.iffiiion problem wve felt that by using this program less time wonld he needed

4 3-10
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in writing the computer code.that can solve the diffusion problem. Other motives

for the change in numerical technique included the fact that FEAP had a tested

routine that could solve the nonlinear viscoelastic problem and our finite difference

program still needed to be tested in this respect. Meshing or modelling the region

of interest is simpler because the finite element method satisfies the field equations

within an element thus it is trivial to have variable sized elements within the region

to be analyzed. The same cannot be said about the finite difference method. With

finite element it is easy to expand from the one dimensional problems that is used

* - to do parameter studies to the two or three dimensional problems that would be

* * able to model an adhesive joint. Finally the broader goal of being able to solve

* the coupled thermal-diffusion-viscoelastic problem can be accomplished once the

diffusion problem is solved. Below is a summary of the progress in each of the two

techniques.

4.2 Finite Difference Program

The flow chart of the program is shown in figure 1. Due to the nonlinearities. two

major iteration loops were incorporated into the program. The first loop insured

", .." that the nodal concentration values within a time step converged to some value as

governed by the mass conservation equation. This concentration iteration scheme

1 is ed two numerical schemes: one being an explicit scheme and the other an implicit

- C'eme. The explicit scheme is used as a predictor and provides the intial (;uess at

flit, start of a time step, and the implicit scheme corrects that guess throlugh a series

of itrat ions. The finite difference molecules for both schemes are shown in figire

* .- .2. Tlie iterat ion halts after the average absolute change for the concentration nodal

",'ie11 }tIweell Iicc'ssive iterations is below soie t l erance value. The programn

thrfifI ipr, ('k'(1s to the inext time step.
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The second major iteration occurs within each concentration iteration. This

iteration insures that the stress and strain values satisfy the constitutive behavior

and that equilibrium is satisfied.

Convergence is not necessarily guaranteed in either iteration loop but no prob-

lems have occurred ;n all the test cases examined so far. We feel that this program

is capable of solving the coupled diffusion-elastic solid problem where the diffusion

coefficient is dependent on the free volume of the solid [6]. With the conversion to

the finite element method this program can still be used to check the results from

the modified FEAP program.

* 4.3 Finite Element Method

FEAP is a versatile highly modular finite element program that relies on the use

of macro commands to accomplish what is needed to solve a problem. There are

commands to define the mesh and input the boundary and initial conditions. After

this is clone other commands will control how the problem is to be solved. In this

way FEAP is easily adapted to solve a host of linear, nonlinear problems. All that is

basically required is the routine to define the constitutive law and how the element

matrix is set-up.

Some test cases for the steady-state solution to the diffusion problem are shown

in figure 3. We are currently trying to develop a stable first-order time integration

scheme that can be used to solve the transient diffusion problem.

3-14
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5 EXPERIMENTAL WORK

5.1 General

The stress state within a polymer has been shown for a given polymer- solvent

system to affect both the rate of diffusion and the final concentration level. Previous

work by other researchers was basically done on "dogbone" polymer specimens

exposed to a solvent after being loaded in uniaxial tension. Compressive load data

was nonexistent due to the specimen geometry. We felt that by using a different

specimen geometry the effect- of both compressive and tensile stress states could be

examined. The specimen geometry would be a thin layer of polymer applied onto a

substrate impervious to the solvent that would be used in the experiment. A strip

of the bilayered specimen could then be bent thus loading the polymer. Tensile or

compressive loads can be achieved depending on which side the of the substrate

the polymer is applied. The convex side would load the polymer in tension and

the concave side the load would be compressive. If the polymer was thin "enough"

with respect to the overall thickness then the transverse variation could probably

be neglected. Differences in the graphs of weight gain versus time for the various

stress states would indicate the stress dependence of the diffusion process.

The ability to plot the profile of the concentration curve throughout the poly-

mer as it evolves through time would give a better indication of the diffusion process.

This type of measurement can be done by using methods similar to what Long and

Richman [12] or Mills.Palmstrom and Kramer [13] used. Unfortunately, we do not

possess the equipment needed to use their methods. An alternate wy of generating

a concentration distribution curve is to use a optical techniques but due to problems

(emcomntered with specimen preparation for the weight gain tests we could not fully

explore this option.
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5.2 Preliminary testing

A preliminary test using the bilayered technique was done to check the feasibility of

the method. Specimens were manufactured using an epoxy type structural adhesive

produced by 3M called AF-163-2M. This was chosen because it was on hand at the

start of the specimen preparation. The nominal thickness of the adhesive after

curing was about 10mm and the substrate was a 0.8mm thick aluminum plate. A

150 X 150mm bilayered plate was manufactured and 4 - 35 X 150mm strips were

cut from the plate. Aluminum foil was glued to the ends of the specimens where

the loads were applied to protect the adhesive from moisture intrusion. See figure

4. The specimens were loaded to different strain levels by using a four-point loading

device. See figure 5. The specimens were placed into an environmental chamber set

• at 30'C and 90% R.H. . The results of the experiment are shown in figure 6.

The results of the test showed that the method was sensitive enough to detect

changes in the rate of diffusion with the load levels applied. One can see that

(ualitativelvy a higher tensile stress tended to accelerate the diffusion process whereas

a compressive stress retarded the rate. If a power law was fitted to the data of the
form

""M(t) = It (15)

(r of the form

1..(t) Dt (16)

Fhe resulting coefficients are shown in table 1. Note that the exponent a is nearly

(,qial in all cases and that K and D increase with higher strain.

5.3 Modifications to the test method

After lvhiting the resilts several changes were made ill order to better quantify

" . lie re'sults.
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STRAIN K CQX D

0.55 ( comp ) 0.0775 0.560 0.0934

0.0808 0.558 0.0969

0.31 ( tens ) 0.0859 0.558 0.1027

0.61 ( tens ) 0.0871 0.569 0.1080

Table 1: Curve fitting results for the preliminary test

In the preliminary experiment the mean strain variation throughout the poly-

mer was on the order of +/-50% . To decrease the strain variation several factors
needed to be considered the most important being the total weight and the ex-

pected weight gain that could be accurately measured. We chose to increase the

thickness of the aluminum substrate by a factor of ten thus decreasing the mean

strain variation to about +/-5% [5].

The increase in thickness created a problem on how to bend the aluminum

substrate to load the polymer. We decided that by plastically deforming the alu-

,,€, minum beam thus the substrate would not only protect one side of the polymer from

the solvent but would also be loading the polymer too. The plastic deformation was

S(lone by using a four-point loading device inserted in a hydraulic press. See figure 7.

The loading plastically deformed the specimens to the desired radius of curvature

[5]. The strain or load on the adhesive was calculated by measuring the relative

v"rtical displacenent of three points on the beam. To facilitate this measurement

,: 3-20
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a relative displacement measuring device was built [7]. See figure 8.

The adhesive used in the initial test contained scrim material and may have

influenced the diffusion results. We felt that it would be advantageous in terms of

imodelling and analysis to use the unscrimmed version of the adhesive, AF-163-2U.

Attempts to produce specimens using the unscrimmed adhesive resulted in an ad-

hesive layer that contained numerous defects in the form of bubbles or voids. The

scrim material evidently provided some alternate paths that allowed any volatile

gases to escape. Another possibility could be that the scrimmed and unscrimmed

material were at different stages of curing which may affect the amount of volatiles

,- released during the curing process. Whatever the reason finding a method to avoid

* the void formation during cure was time consuming. After many months of trial

,and error a combination of vacuum bagging, external pressure, curing time, lead us

to a set of specimens that, though not perfect, are testable.

The spci rnens were dried by placing them in a vacuum desiccator at 50'C.

.f,,r 100 (!;ivs a -weight loss in most of the specimens could still be detected and

a" qestion of exactly what was being outgassed arose. A chemical analysis of the

i, , ifas material performed during the early part of December 1987 were inconclusive

1 Wh.tlther it cOreliPte(d of various monomers~solvents, or water. A yellowish residue

2; the, ga trap may indicate that some of the primer material and a clear fluid that

W., also collected could have been water. The yellowish residue was not soluble
ii pentane and not enough of the clear fluid was collected so determine if it was

* riscible in pentane or at what temperature it froze at. Due to the small amount of

-weight loss between weekly weighings testing should begin shortly.
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5.4 Other adhesives

Two other adhesives were looked at as possible substitutes for the AF-163-2U.

They were Shell's EPON 815 cured with methane diamine and a two part epoxy

developed by the NADC. An initial test of the EPON 815 system showed that it

was easy to use. The relatively low viscosity made it easy to mix, pour, and by

applying a vacuum any trapped air bubbles effervesce easily. The cured adhesive was%

'V. brittle and did not appear to adhere to the aluminum substrate. It was suggested

that various flexiblizers and a different surface preparation may help to solve these

problems but they have not yet been tried.

The literature from the NADC describes the adhesive as "a bisphenol A epoxy

resin (Shell Epon 828) modified by prereaction with a carboxy terminated butadiene

rubber (B.F. Goodrich CTBN 1300X8). Amine curing agents were used."[14] The

problem with this system was the high viscosity of the two parts. Mixing introduced

trapped air bubbles but unlike the EPON 815 a vacuum could not draw the bubbles

out. The people at the NADC suggested numerous ways to minimize the problem

but the bubbles still remained. Another method, not yet tried, is to use a centrifuge

to force the bubble out of the adhesive.

5.5 Other Techniques

* \Ve explored the idea of using the change in the index of refraction to determine the

"hape of the concentration curve though the polymer. Work (lone by Robinson[161

.howed that a method based on this physical phenomena could work. Instead of

* following the method of Robinson we tried to measure the change in refraction

-"angle as the laser passed through the polymer sample. An initial test of PMMA-

-- vclhexale.2-Iethvl pentane showed that the chanoe in the angle of refractiou

was to small to be measured. The crude test set-lip may have also coutri I)l ,te'l r o
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this fact. If a change could be detected subsequent analysis would have yielded

information that was also an average of the solvent concentration throughout the

polymer and thus yield no new information to what could be inferred by the mass

pick-up method. The use of optical techniques would have required us to measure

A very accurately the relation between the solvent concentration and the index of

refraction. Even in the method used by Robinson this was a very serious limitation.

Another limitation would be that optical techniques require transparent adhesives.
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1 Introduction

Structural adhesives are being used more and more for joining primary structure. It

is therefore important to be able to design such structures in a rational way. This re-

quires that the constitutive and fracture properties be derived from meaningful tests
in which the stress states and failure mechanisms are well understood. The purpose

of this ongoing study is to develop simple tests that can be used to determine the

stiffness, strength and fracture properties of structural adhesives. The tests will be

used in a quantitative manner to compare adhesive formulations and surface prepa-

rations. The work has developed along two fronts: tests to deterne stress-.tra.'n

behavior and tests to determine mixed-mode fracture behavior. Progress in each area

is now described separately in Sections 2 and 3.

2 Constitutive Behavior

The main strength of adhesives is their ability to transmit shear and so many tests for

determining the constitutive behavior are oriented towards shear properties such as

stiffness, strength and relaxation modulus or creep compliance. The most commonly
used specimen for adhesive shear strength has been the simple lap shear joint. How-

ever, the stress state in the adhesive is complex and nonuniform and so the meaning

of the strength values obtained in this way may be questioned. In order to obtain
a more pure and uniform shear stress state Frazier [1] proposed that adherends be

thickened so that peel stresses be reduced. Guess et al. [2] compared the stress dis-
• .tributions in the standard and thick adherend lap joints and confirmed the reduction

in peel stresses. More recently, Arcan [3] has considered the stiff adherend specimen,

an adaptation of a specimen [4] previously proposed for the pure shear testing of

hiomogeneous specimens. A finite element analysis revealed a further reduction in

stress concentration over the thick adherend lap shear specimen. However, unless

special modifications are made, stress concentrations will always exist at the sharp

bond terminations in tensional shear specimens and torsional shear specimens such

as the napkin ring [5] and cone and plate geometries [6] have been more promising.

In the present study, the adhesives under investigation will have to be cured at

700'F and residual stresses will be important. The most desirable geometry will be the

one that produces the most uniform residual stress state. Since stress concentrations

* 4-2
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will usually exist at sharp bimaterial corner, the main focus of the work will be to

consider how adherend edges can be modified in order to reduce such concentrations.

A second consideration in developing the specimens has been the characterization

of adhesives under more general stress states so that multiaxial yield criteria can be

examined. Since such stress states will be generated in part by bond normal loads, the

geometry of the adherend edges will again be important. On a more practical note,

the thin adhesive bondlines require that specimen alignment in testing is crucial. For

example, a 0.001 inch bond normal displacement due to misalignment would produce

Z- 10% normal strains across a 0.010 inch bondline. Again, such strains are likely to

be magnified at the adherend edges unless special precautions are taken. If they are

taken, scatter in strength data under shear loadings is likely to be reduced.

With these objectives in mind, stress analyses of napkin ring, cone and plate and

stiff adherend specimens have been conducted under shear, bond normal and thermal

loadings. Various modifications to adherend edges have been considered through

refined finite element analyses of local regions. The most promising geometry was

fabricated and tested to yield values of shear stiffness and strength of a structural

adhesive.

2.1 Stress Analysis

The stress analysis was conducted using the finite element codes VISTA and TEXPAC-

NL (for torsional loading). The aluminum adherends and FM-300 adhesive were con-

sidered to be elastic (E = 68.95 and 2.32 GPa, respectively; v = 0.33 and 0.4, a 54

and 167rm/m/°C, respectively). Each joint and its modifications are now considered
separately.

"" Napkin Ring Specimen

The stress state in the adhesive layer of a napkin ring specimen (Fig. 1) under torsional

loading is one of pure shear which increases linearly with radial distance from the

center of the ring. However, because the radial thickness of the adhesive laver is small.

0 the shear stress can be considered to be constant, making the specimen attractive

for the determination of shear properties. It should be noted that some structural

adhesives can withstand 80-100% shear strain. Under such conditions normal stresses

are likely to be introduced and the uniformity and purity of the stress state can no
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longer be taken for granted. When bond-normal loading of the napkin ring specimen

was considered, large stress concentrations were found (Fig. 2) due to the sharp,

90°bimaterial corners formed by the adhesive and adherends at the free surfaces of

the specimen. In some early work Williams [7] showed that plates having angular

corners with one edge free and the other clamped exhibited no stress concentration

for angles less than approximately 600. If the adherends are considered rigid with

respect to the adhesive, then these results suggest that some modifications could

be made to the edges of the adhesive or adherends. The one that was considered

here was to round the adherends (Fig. 1b), making the angle between the adhesive

and adherends essentially zero. Various rounding radii R, were considered and stress

concentrations were gradually reduced and finally eliminated (Fig. 3) for R = 2t, the

axial thickness of the adhesive layer. However the stress state is not one of purely

normal stresses as some shear is excited towards the edges. The residual stress state

due to thermal cool down from cure temperature is shown in Figure 4 for a napkin ring

specimen with rounded adherends. Even with rounding, stress concentrations were

induced near the edges. The rounding also introduced slight peaking in the shear

stress under torsional loading while bevelling of the adherends was less beneficial

under all loadings [8].

Cone and Plate Specimen

The cone and plate specimen (Fig. 5) has recently been proposed as another torsional

shear specimen (6]. A closed form solution based on the assumption of rigid adherends

indicated that the cone and plate geometry should provide a more uniform shear

stress than is produced by the standard radial thickness of the napkin ring geometry.

Ratios of the moduli of structural metals to those of structural adhesives generally

range from 50 to 120. Although it might be thought that rigidity of adherends would

S be a reasonable assumption, evidence of combined relaxation and creep phenomena

in adhesively bonded joints indicates that it is not. If the adherends in the cone

and plate specimen are not rigid then some accommodation must be made between

the radial stresses in the adherends and the constant stress in the adhesive. A finite

* element stress analysis was therefore conducted for a specimen having radius R.

12.7mm and adhesive volume angle 0, = 30.

Under torsional loading it can be seen (Fig. 6) that the shear stress in the adhe-

sive is highly nonuniform for an aluminum/epoxy joint. The nonuniformity leads to
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_.. normal stresses that are highly concentrated near the center of the specimen. Only

when a steel/rubber combination is considered does the solution approach the closed

form solution. By contrast, a bond-normal applied displacement of 25.4 'Um produces

a more uniform axial stress with a zero shear component over most of the bond radius

(Fig. 7). The residual shear stress is similarly distributed (Fig. 8) although the axial

stress is more nonuniform. The degree of uniformity could be increased by cutting

out a central hole although there is still a substantial axial stress component under

torsional loading [8].

Stiff Adherend Specimen

The stiff adherend specimen is shown in Figure 9 and consists of S-shaped grips to
which the butterfly-shaped specimens are attached. In homogeneous specimens, the

notched region is supposed to modify the parabolic shear distribution that exists in

unnotched beams [4] by providing the proper degree of concentration and thus pro-

ducing a uniform shear stress in the test section. It was not clear what the effect of

bimaterial corners in the notched region would be and so three notch configurations

(Fig. 9) were examined: straight notch with sharp adherends (SNSA), straight notch

with rounded adherends (SNRA) and rounded notch with sharp adherends (RNSA).

sUnder tension shear loading, the shear stresses are reasonably uniform (Fig. 10) al-

though there arc signs of stress concentration for the sharp adherend cases in the
semi-logarithmic plots of shear stress vs normalized (by adhesive thickness) distance

from the bond edge. The purity of the shear stress state was confirmed, particu-

larly for the rounded adherends, by the zero values for normal stresses. The rounded

adherends also produce the most uniform stress state under bond-normal loading

(Fig. 11) and thermal loading (Fig. 12). Test procedures were therefore developed for

the SNRA specimen.

2.2 Test Procedures and Results

The bondline length was chosen (Fig. 13) to be 50.8mm to ensure a sufficiently large

• aspect ratio for bond-normal loading. In order to maintain the scaling established in

previous work '3J. the outer radius of the grips turned out to be 190.5rm. which is

quite massive. In order to obtain a number of specimens having the same processing
history, blocks of aluminum having the planform geometry of the specimens shown
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in Figure 13 were bonded together. The thickness of the blocks was such that 10

specimens having 6.34mm thickness could be sliced from the blocks. The rounding of

the adherend edges was achieved by filing and checking the radius against a master

under the microscope. Surface preparation consisted of various cleaning steps, a
sodium dichromate/sulfuric acid etch and priming with BR 127* [81, the bonding

of the adherends with FM-300 following standard manufacturer's procedures. The

adherends were skimmed to obtain a bondline thickness of 0.254mm. The slicing out

of specimens following cure was conducted by a circular cutter. The cut surface was

smoothed by a milling step with a fly-cutter followed by a polishing step in order to

facilitate microscopic observation of the bondline during testing.

Specimen gripping and alignment during testing turned out to be very critical.

Once the grips were aligned, a blank specimen (no bolt holes) was inserted into the

grips and alignment was checked using the microvideo system shown in Figure 14.

The hole locations were then transfer-punched. In the original gripping procedure,

after the holes had been drilled, the specimen was reinserted into the grip slots and
was secured by bolts so that the specimen boundaries were essentially clamped. As

will be shown later, slipping between the grips and the specimen usually occurred

at some point during the loading, no matter how much clamping force was applied.

As an alternative, the bolts were replaced by pins so that the loads were transferred

from the grips to the specimen by bearing on pins rather than clamping. There were

no signs of slipping in this procedure.

The shear strain across the adhesive was measured using the extensometer shown

in Figure 15. Its legs were attached to bases that were themselves clamped to each

adherend. A relative motion of one adherend with respect to the other therefore

resulted in a relative movement between the left upper and lower legs of the exten-

someter, exciting a strain gage placed on the lower leg of the extensometer. The shear

strain was taken to be the displacement measured by the extensometer divided by the

* bondline thickness. Any extension in the adherends between extensometer bases and

the adhesive adherend interface was, in effect, very small. The load was measured by

a load cell and divided by the 50.8 x 6.34mm bond area to yield the shear stress.

A typical shear stress strain curve for a specimen that was clamped to the grips

* is shown in Figure 16. The data for the plot of small values of strain was obtained bv

*The assistance of Hughes Aircraft Company personnel in this critical step is gratefully acknowl-
edged. The BR 127 and FM-300 were furnished by American Cyanamid.
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suitable magnification of the extensometer signal and was to be used for determin-

ing the shear modulus. In the magnified mode, it can be seen that there is a sharp

increase in slope for a strain of approximately 1.5%. The change in slope was associ-

ated with a lateral movement of the adherends as observed by the micro-video system.

Once the lateral movement stopped, the slope of the stress strain curve returned to

an equal or slightly smaller value than was observed before lateral movement started.

Furthermore it was noticed that for specimens for which the load was manually de-

creased, following the return to initial slope, the unloading path showed no signs of

U, deviation and the same was true for subsequent reloading. It was therefore concluded

that some realignment had taken place. The shear modulus obtained from the initial

tangent was 318 MPa. The ultimate shear strength was 32.86 MPa and the strain

to failure was 42.2%. Following the attainment of the maxiumum load, failure of the

specimen seemed to take place in a gradual way, with microcracks opening up around

* scrims fibers as the load dropped. The fracture took place in the plane of the scrim

cloth as can be seen (Fig. 17) from the optical micrographs of the fracture surfaces.

-: The top picture shows both fracture surfaces under low magnification, whereas the

bottom is a close-up and shows the former locations of the scrim fibers that were

embedded in the adhesive. The overall stress strain curve for FM-300 obtained from

a specimen that was pinned to the grips is shown in Figure 18. In these cases there

was no increase in the initial slope of the stress strain curve in the magnified plots of

strains up to 7% as had been seen for the clamped case. Furthermore, no noticeable

lateral movement of the adherends was observed in the micro-video system. The mod-

ulus derived from this data was found to be 347 MPa. The ultimate shear strength

was 45 MPa with a strain to failure of 41%. The fracture surface from the pinned

specimen was quite different from those observed in specimens that had been tested

under clamped conditions. They were much rougher (Fig. 19), having very regular

ridges running perpendicular to the load direction. Scrim fiber markings could be

seen on some of the ridges. When the bond line was viewed in profile (Fig. 20), it

appears that the ridges were formed by microcracks that grew at 450 to the loading
direction and then linked to cause final failure. The 45' orientation of the rnicrocracks

* would imply that they grew perpendicular to the maximum principal stress direction.

From the flatness of stress strain curve it appears that the microcrack growth was

progressive in nature, but linkage did not occur until the failure strain approached.

The microscopic observation with the video system also indicated that microcracks

0' 4-17
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grew in a progressive manner, followed by a sudden parting of the specimen at the
maximum strain.

Comparing the results from the two sets of data, it can be seen that the adhesive
modulus differed by less than 10%. Since such variations can be encountered in
tests conducted under similar conditions, it is unlikely that the noted difference can
be attributed to gripping procedures. However, the ultimate strength of the adhesive
that was tested under pinned conditions was 37% greater than the value obtained from
specimens that had been clamped. The fracture surfaces were also quite different

so that the shear strength was clearly affected by gripping procedure. The higher
ultimate strength obtained under pinned conditions would suggest that pure shear
was indeed attained because any bond-normal loading would reduce the strength in
shear. The appearance of the fracture surfaces also suggests that pure shear was
achieved under the pinned gripping conditions but not the clamped case. The rough
ridges formed by microcracks aligned at 450 to the load axis suggest that pure shear
existed when pinned gripping was used. The relatively flatter fracture surfaces that
resulted from the clamped gripping indicate that tensile bond-normal stresses were
also active. The strain to failure differed by less than 3% and did not appear to be
affected by gripping condition.

The data can also be compared with existing data obtained from single lap shear
and napkin ring tests. The manufacturer's listed value of lap shear strength is 35.5
MPa and falls between the strengths discussed above. The implication is that the
pinned gripping condition gave rise to a purer state of shear and thus a higher strength.

Following further on this line of thought, it would seem that the state of stress in
the adhesive layer of the clamped specimens was less of a pure shear state than that
produced by single lap shear tests. Stringer [91 used the napkin ring to compare
the stress strain behavior of a number of structural adhesives. Among the compared

O adhesives was a supported rubber modified epoxy (adhesive D, [9]). The shape of
the stress strain curve of the adhesive was quite similar to that of Figure 3.8, the
stress strain behavior of the adhesive in the pinned specimens. The shear modulus,
strength and strain to failure of adhesive D were 722±203 MPa, 46.3 MPa and 51%,

* respectively. The ultimate strength and strain were thus quite similar, although the
FM-300 modulus derived here is about 50% lower.

An interesting comparison of the data can also be made with data obtained from
neat films of FM-300 that were subjected to uniaxial tension [25]. The tensile mod-
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ulus. ultimate strength and strain to failure were 2.285 GPa, 48.5 MPa, and 3.8%.
The Poisson's ratio was 0.4, leading to a shear modulus of S15.9 MPa which is more
than twice the shear modulus of the in-situ adhesive determined here. The neat film
strength in tension was a bit higher than the in-situ shear strength, but there was a

large difference in strains to failure-probably because more damage can be sustained
for the in-situ case. In that case, an initial rnicrocrack arrested by the adherends and
other microcracks are forced to grow, whereas in tensile thin film tests one microcrack

can result in final failure of the specimen.
" 'The modified stiff adherend specimen (SNRA), when properly aligned and pinned

to grips, has provided higher values of shear strength than have previously been mea-
sured. This would seem to indicate that a purer shear stress state does indeed exist.
The values of shear modulus obtained were 50% less than values obtained from bulk
specimens tested in tension. It is not clear at this time whether the difference can
be attributed to the bulk vs. in-situ issue or to a consistent error in strain measure-
ment on the stiff adherend specimen. Dolev and Ishai found that the shear modulus

obtained from testing FM-73 in-situ was about 7% less than the value obtained from
tests of the bulk material. Alternate methods for measuring shear strain based on
optical methods are now being considered, not only as a check on the mechanical ex-
tensometry, but also to determine the uniformity of the strain field along and across

the adhesive layer thickness.

,." 2.3 Alternate Specimen Geometries

Although the stiff adherend specimen has performed well for the shear testing of
adhesives, and shows promise for bond-normal loading and studies of the multiaxial
strength of adhesives, it may be too complex a specimen for standard production
testing. The adherend shape is more complex than lap shear or laminated beam ge-
ometries. Specimen alignment is also more crucial and time-consuming. A laminated

, beam specimen proposed by Moussiaux et. al. [12] is showing some promise in this
regard and ,vould be most compatible with the fracture property specimens already

*>' proposed in section 3. In [121, the authors present a strength of materials analysis
- to the problem of a cantilevered, laminated beam subjected to equal shear forces in

each adherend (Fig. 21). The analysis indicated that the shear stress in the adhesive
rose. quickly from zero at the cantilevered end and maintained a constant value for
as much as 90% of the bondlength for suitably chosen beam parameters. The results
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were compared with a finite element stress analysis, and surprisingly good agreement

was obtained-even at the ends where stress singularities should have arisen. During

the most recent reporting period, the finite element analysis has been checked and

various modifications similar to the successful ones for the stiff adherend specimen

have been considered in an attempt to eliminate stress concentrations.

The specimen considered in the analysis had the same dimensions as the fracture

property specimens. The length was 4 inches, the aluminum adherend thicknesses

were 0.25 inches and the FM-300 adhesive thickness was 0.010 inches. Each adherendEl was subjected to an end load P = 1,000 lbf. The adhesive layer thickness was sub-

divided into 5 layers for the finite element analysis, the lengthwise distribution (for

0the rounded adherend case) is shown in Figure 22. The stresses along the center of

the adhesive laver and along the upper and lower interfaces are shown in Figure 23
for a specimen having sharp 900 corners at the ends. At the cantilevered end there

-" are stress concentrations in all the stresses, particularly at the lower interface. At

* the loaded end there is a slight increase in the shear stress before it drops to zero.

There are some oscillations in the axial stress before it becomes zero at the free edge.

However, the interfacial peel stresses are singular and would most likely be a source

of premature failure. Furthermore, the shear stress is only uniform over 70% of the

bondline, making this configuration of the specimen unattractive. In the napkin

ring and stiff adherend specimens considered earlier, rounding of the adherends had
"p proved beneficial in eliminating stress concentrations. Similar rounding (Fig. 22) was

considered for the LBAST specimen, and the resulting normal stresses are shown in
Figure 24. There was essentially no change in the shear stress distribution and, if

.. - anytling, larger oscillations and more concentration in the normal stresses. With

all the problems at the cantilevered and loaded ends, it was decided to shorten the

bonded region to a central 2 inch length while maintaining the original adherend

length of 4 inches (Fig. 25). In order to prevent differential bending in the adherends

S.in the regions without adhesive, steel shims were placed between the adherends, 0.5

inches in from each end. In the finite element analysis, the adherends were allowed

to slide (without friction) over the shims. The adhesive termination was originally
considered to be sharp, i.e. forming a 900 angle with the adherends. As expected.

. stress singularities arose, and the adhesive was therefore rounded as shown in Fig-

lire 2.5. It was thought that such a rounding could be achieved by placing a folded

tttfl,, film ketween the adherends. using the fold radius to mold the adhesive radius.
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The resulting stress distributions are shown in Figure 26 where it can be seen that
the shear stress has peaks at either end of the adhesive, with the peak closest to the
loading end being larger. The magnitude of the peaks varied through the thickness.
causing peaks in the axial stress at the interfaces. The sharp drop in shear stress
following the peaks caused stress singularities in the peel stresses at the interfaces
which would again probably cause premature failure in the adhesive.

The stiff adherend specimen still provides the most uniform stress state. Steps
are therefore being taken to make the geometry more compatible with the fracture
specimens and to simplify testing procedures. It may.be better to consider using the

stiff adherend specimen for fracture tests.

3 Fracture Properties

Crack growth in adhesively bonded joints is an inherently mixed-mode process because
[ •of the constraint applied by the adherends. Depending on the particular adhesive
-- system, the fracture toughness may vary with mode-mix, usually increasing with

- increasing mode II component [13,14]. It may not, therefore, be sufficient to determine
- . the fracture toughness under pure mode I conditions using the double cantilever beam

(DCB) specimen first proposed by Ripling et al. [121. Over the years a number of
specimen geometries have proposed for the determination of mode II and mixed-mode
fracture toughness of adhesives. Such geometries include the prismatic shear specimen

[15], the scarf joint [14,16], independently loaded mixed-mode specimen [16] and

the cracked lap shear specimen [17,18]. In considering interlaminar delamination in
laminated fiber reinforced composites the most recent emphasis has been on simplicity
and multiple use of beam-like specimens. Vanderkley [19] demonstrated how the DCB
geometry, by a simple modification of its loading, could be used to determine a range
of mixed-mode interlaminar toughnesses. Along similar lines, the end-notched flexure

.. (ENF) [20,21,22] and mixed-mode flexure (MMF) [20] have also been proposed for
the determination mode II and mixed-mode interlaminar toughnesses, respectively.
The first application of the ENF specimen for the determination adhesive fracture
toughness was recently presented by Mall [23,24] who considered the effects of friction

5 between the crack faces and found that the fracture toughness of EC3445 bonded
composite specimens had the same fracture toughness under the full range of mode-

mixtures.
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The purpose of the present work was to consider the feasibility of using simple

lam-inated beams for the determ-ination of pure and mnixed-mnode fracture toughnesses

of adhesives with emphasis on high temperature applications. The wide range of mode

mixtures was obtained by essentially similar geometries loaded in different wvays.

Such an approach allows specimens to be obtained from the same plate, thereby

reducing scatter to variations in cure and surface preparation. A further objective in

designing the specimens was to minimize size so that they could be used in adhesive

development programs where the amounts of material available may be limited. In

this way variations in adhesive formulation could be evaluated in terms of properties

that are directly applicable to the structural design process rather than being limited

to simple qualitative comparisons in tests in which failure mechanisms and loads are

not really understood.

3.1 Specimen Fabrication and Testing

* The specimens considered in this study were the double cantilever beam (DCB),

end-notched flexure (ENF) and mnixed-mode fiexure (MMF) for pure mode 1, pure

- . mode I, pure mode II and mixed-mode fracture toughnesses, respectively. Pend-

ing, the development of a new high temperature (700*F) adhesive, specimen analysis

and development was based on aluminum adherends bonded to FM-30Ot under room

-: temperature conditions. The specimen geometries are shown in Figure 27 and were
essentially driven by the constraints of the ENF specimen for which the highest frac-

ture toughnesses were anticipated. A nominal length of 10cm and a width of 12.7mm

were chosen in order to limit the amount of adhesive per specimen. In view of the

lower stiffness and strength of aluminum compared to fiber reinforced composites the

adherend thickness was relatively large at 6.23mm. The eventual high temperature

application and use of titanium would relax the thickness requirement which ensures

* that yielding in the adherends does not occur prior to crack growth in the adhesive.

The specimens were sliced from a 20 x 30cm bonded panel. The bonded surfaces

of the plates making up the panel had been solvent wiped, vapor degreased. scrubbed

with cleanser, rinsed with water and etched with a sodium dichromate/sulfuric acid

* paste. After a distilled water rinse the panels were oven dried and then primed

7' with BRl27 The vacuum dried adhesive was then applied between the plates which

Product of American Cyanamid whose fiirnishing of material is gratefully acknowledged
IThe adlherend surface preparation processes were developed and carried out by personnel of
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were separated by spacers to ensure a uniform adhesive layer thickness of 0.20mm.
*Curing followed standard manufacturer's recommendations [25]. The sliced edges of

the specimens were polished to aid in the visual determination of crack length. Each
specimen was then given a precrack of approximately 12-20mm by wedging a razor
blade between the adherends so that the crack tip was beyond the edges of the razor.
This gave each specimen an initial crack in mode I. In view of the different modes
provided by the ENF and MMF specimens data from this initial crack was always

disregarded.
. As indicated in Figure 27, the DCB specimen was subjected to a tensile load in

the usual manner while the ENF and MMF specimens were subjected to three point
bending. The DCB adherends were connected to the loading device actuators through
U-joints and aircraft-type rod ends that transferred the load in a direct manner, free
from any measurable moment. The ENF and MMF specimens were supported by
roller pins which allowed the support points on the specimen to move freely. Loads
were measured by load cells attached to the stationary crosshead of the loading device
and the load point displacement by a direct current differential transducer (DCDT).
Crack length was measured optically using a microscope and a 0.127mm resolution
scale attached to the specimen. A video camera, monitor and recorder were attached
to the microscope so that the crack tip region could be monitored during loading.

Each specimen was loaded at a constant iisplacement rate until the onset of crack
propagation. The displacement was then held constant while the crack arrested and
the load dropped. Following arrest, the new crack length was measured and the
specimen was partially unloaded before reloading so that compliance measurements
could be made. This procedure was subsequently modified in light of plasticity effects
associated with the arrested cracks that then became the starter cracks for the next
test in a given specimen. In some of the data presented here the arrested cracks were

[ •extended in fatigue prior to reloading.
S. Each load-displacement record was used to determine specimen compliance as a

function of crack length. In the DCB and MMF specimens crack initiation occurred
at the maximum load. However, in the ENF specimen, the video recordings revealed

, •that crack initiation occurred prior to the attainment of maximum load and the
critical load was therefore associated with deviation from the linear response. For
each load arrangement, the compliance of the machine and fixturing was determined

Hughes Aircraft Company. Their assistance in this step is gratefully acknowledged.
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by substituting a much stiffer bar in the place of the specimen and was subsequently

subtracted from the measured specimen compliance.

3.2 Analysis

Critical strain energy release rates were determined from the measured compliance,
beam theory analysis and finite element analysis. No matter which method of anal-

ysis was used the critical strain energy release rat.e or fracture toughness, Go, was

determined from the rate of change of compliance, C, with crack length, a, and the

critical load, P,, through

= 2b Oa (1)

where b was the specimen width.

The measured compliances could be used directly in equation (1). The compliances

determined from beam theory included the effect of shear [25] due to the relative

shortness of the specimens. The compliances are given in equations (2), (3) and (4)

for the DCB, ENF and MMF specimens respectively.

8a 3  3a
CI -Ebh3 + Gbh (2)

H 2L 3 + a3  1.2L + 0.9a (3)

8Ebh3  4Gbh

2L 3 + 7a3  O.6L + 0.45a¢:.CUIt 8Ebb 3  + Gbh (4)

4' The finite element analysis was used to check the validity of the beam theory

results and determine the particular mode-mix for each specimen. The analysis was

conducted using the finite element code ABAQUS which could account for crack face

contact in the case of the ENF specimen. Eight node isoparametric quadrilateral

elements were used away from the crack tip which was itself modelled by triangular,

collapsed quadrilaterals with quarter point nodes. The locus of failure was taken to

be cohesive in the middle plane of the adhesive thickness and mode I and mode II

energy release rates were determined from crack opening displacements in the crack

tip region[25].

".-.
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3.3 Results

Since fracture toughness was determined by compliance through equation (1), the

measured and predicted compliances are first compared. In the measured compliances

a distinction is made between starter cracks that were arrested cracks and those that

had been extended in fatigue. The mode mixes and fracture toughness results are
then presented. The results are presented on the basis of specimen type and compared

in a fracture envelope.

Double Cantilever Beam

The variation of compliance with crack length for the DCB specimen is shown in

Figure 28. The compliance from beam theory equation (2) is consistently lower than
the measured values and those predicted by finite element analysis. This is to be

expected because the cracked beam halves are assumed to be cantilevered at the crack
tip. The latter are in fairly good agreement with the largest differences being noted

for the longer crack lengths. The type of starter crack did not appear to have much
effect on measured compliance. Finite element analysis confirmed that the energy
release rates derived from equation (1) were pure mode I. The fracture toughness, Gi ,

determined from the measured compliance was found to be 1.2kJ/m 2 with a standard

deviation of 14%. The careful polishing of the specimen edges allowed the crack
growth mechanisms to be clearly identified. The circular cross-sections of scrim cloth

fiber pairs could be seen at regular intervals along the bond length. The extension of

the main crack was preceeded by whitening of the adhesive around one or two fiber

pairs ahead of the main crack. The whitening was then followed by the initiation and

growth of nicrocracks which were generally parallel to the bondline. The extension

of the main crack then occurred by a linking with the nearest microcrack. The
scrim cloth fibers clearly acted as stress concentrators with the microcracks growing

* perpendicular to the plane of the maximum principal stress.

End-Notched Flexure

The compliance results for the ENF specimen are compared in Figure 29. The beam
theory and finite element predictions are in fairly good agreement with one another
with the beam theory values being lower for short cracks. The difference in the predic-

tions decreases until the curves intersect and the beam theory values remain slightly
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larger for long cracks. The predictions are closer to the compliances of the specimens

having fatigue mode II starter cracks. The compliances of the arrested mode II starter

cracks were generally less than the fatigue crack values. Also included in the compli-

ance measurements is a set of data obtained from cracks that were generated under

mode I loading (razor wedge) and then loaded in three point bending to a load level

that was insufficient for crack initiation. The procedure was repeated for successively

longer cracks which were grown by reinserting the razor wedge. When the fracture

surfaces were examined under an optical microscope the surfaces of mode I cracks

were much smoother than mode II cracks. It is likely that the rough surfaces of the

mode II cracks interlocked under loading thus resulting in lower compliances. This

supposition is further borne out by the fact that the compliance of the specimens con-

taining fatigue mode II starter cracks was greater than those that contained arrested

mode II starter cracks. Presumably the fatigue induced motion of the crack faces

smoothed out asperities. The differences in measured compliances may, therefore, be

linked to differences in frictional effects associated with the three types of fracture

surfaces. However, they are inconsistent with the predictions shown in Fig. 29 whichk. were obtained under the assumption of zero crack face contact (by specifying that

each cracked adherend was rigidly supported in the vertical direction). On this basis

the predictions should have been closest to the compliances of the mode I cracks.

Finite element analyses were conducted in which the vertical restraint on the upper

adherend was relaxed and crack face contact was allowed by the use of interface ele-

ments [25]. However, there was only a 2% difference in compliance when frictionless

crack face contact was allowed. Frictional contact for coefficient values ranging 0.2 to

3.0 produced very little change in compliance. The predictions are in agreement with

those of Mall and Kochhar [24] but do not account for the interlocking that must

occur for the rough surfaces.

* The finite element analyses with and without crack face contact all confirmed

that the ENF specimen containing a smooth cohesive crack along the midplane of the

adhesive produces pure mode II conditions. The fracture toughnesses derived from

equation (1) were, therefore, considered to be GzII values. The average value of G 1 c

* obtained from measure, compliances and fatigue starter cracks was 1.79kJ/m' with

a standard deviation of 45%. The high degree of variation was brought about by an

increase in Gu, with crack length for each specimen that may be due to the interaction

of crack tip plastic zones and the region of compression below the central load point.
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%The crack growth sequence of whitening around one or two scrim fiber pairs ahead of
the main crack, followed by microcracking and then linkage with the main crack was

.the same as that observed in the DCB specimen except that the micro cracks grew
at approximately 45°to the bondline. The path of the main crack was much more

tortuous than was the case for the DCB specimen; a fact that was confirmed by the

rougher appearance of the fracture surfaces under the optical microscope.

Mixed-Mode Flexure-,'
The predicted compliances for the IMMF specimen were in close agreement (Fig. 30)

although it is surprising that the best agreement was for the shortest crack lengths.

Both sets of measured compliances were consistently higher than the predictions. The

effect of fatigue precracking was small but did result in slightly lower compliances.

Finite element analyses indicated that the mode I energy release rate was 57% of the
0 total and that the mode-mix was independent of crack length [251. The measured

compliance gave a mixed-mode fracture toughness of 1.lOkJ/m 2 with a standard
deviation of 16%. Whitening of the adhesive and microcracking around scrim fibers

ahead of the main crack were again observed. The microcracks tended to form at an

angle to the bondline that was less than 450 .

Fracture Envelope

- The pure and mixed-mode fracture toughnesses of FM-300 are compared in the frac-

ture envelope depicted in Fig. 31. The shaded band represents the variation of one

standard deviation above and below the quoted mean values. The scatter in Gi,
values is high and prevents conclusive statements from being made at this time.

However, it does appear likely that Gil, > G1. and that the total energy release rate

• criterion

G= G,=G +G (5)

does not apply. The criterion

+ (6)
* G Gizc

was more applicable. It should be remembered that the energy release rates were

derived on the assumption that the cracks grew in a cohesive and coplanar fashion
'-".., whereas observations indicated that the microcracks were oriented at different angles

to the bonllinie. depending on the mode mix. If such details were accounted for the
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character of the envelope might change. Another point to note is that visible damage

occurred two or three bond thicknesses ahead of the main crack. Initial estimates of

plastic zone sizes indicate that they may extend up to forty bond thicknesses ahead

of the main crack, under mode II conditions. The scrim cloth clearly plays a strong

role in the fracture process. The validity of linear elastic fracture mechanics concepts

can well be questioned under such conditions.

3.4 Elasto Plastic Analysis of the ENF Specimen

In the ENF tests for mode II fracture toughness there was a notable increase in G11 ,

with crack length [253. It was suspected that, for the longer cracks, there was some

interaction between crack tip fields and those set up by the central load point. Such

interactions could not occur under linearly elastic conditions, and so the possibility

of elastoplastic behavior giving rise to long plastic zones ahead of the crack was

* investigated. The constraint applied by the adherends has been shown in the past to

elongate plastic zones for sufficiently thin adhesive layer thicknesses [26]. The problem

was addressed experimentally and numerically using the micro-moir6 method [27] and

an elasto plastic finite element analysis.

The micro-moire method proposed in [271 has a resolution in displacement of

5 x 10- inches, which is intermediate to the resolutions of classical moir6 and the

more recent moir6 interferometry. A 5000 lines per inch phase grating was observed

under the microscope and photographed in the undeformed and deformed states. The

negatives were then superposed and the resulting moir6 fringe patterns analyzed in

the usual way. Since, in the present context a microscope is already used to determine

the crack tip location, the method seemed readily adaptable. In order to extract the

data in real time, the superposition of undeformed and deformed gratings would be

carried out using a video subtractor. The main issue in the use of moir6 methods in

crack propagation studies is the ability of the grating to deform and fracture with

- the substrate. Photo-resist offers some promise in this regard and was therefore
S.-. considered.

O The specimen edges were first polished on a wet polisher with alumina powder to

produce a smooth, reflective surface. The specimen was then cleaned with acetone
and methanol and oven-dried. Primer and photoresist were then applied, using a

'- spinner with a specially designed mount to hold the specimen in place. The details
. of photoresist application and curing are summarized in Figure 32. The thickness ofS
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the photoresist [red, #AF1350JSF] was approximately 1.5m. Unfortunately. a 5000

ipi Master grating could not be obtained quickly, and so 1000 ipi Master was used

instead. A photograph of the photoresist pattern is shown in Figure 33. The height of

the grating reflects the adhesive thickness. The grating was of course applied to the

adherends, but does not appear under the particular exposures and polarization used

to bring out the adhesive. The apparatus used for the micro-moir6 analysis is shown

in Figure 34. The region of interest was observed through a microscope to which

a video camera was attached. The video signal is then taken through a timer (for

later synchronization with applied load) to the video subtractor which subtracts any

incoming frame from a stored reference frame. In our case the reference frame is the

undeformed grating, the incoming frame is the deformed grating, and the result of the

subtraction is a series of moir6 fringes which are contours of constant displacement.

The particular component depends on the orientation of the grating. For the grating

of Figure 33 the displacements parallel to the bondline, u, were extracted and can be

determined through u = Np, where N is the fringe order at a particular location and

p is the pitch (0.001 in.).

The ENF specimen was mounted in the standard three point bend loading fixture

attached to a servohydraulic loading device. The contours of u-displacement were

observed in real time and ran parallel to the bondline. However, because the pitch was

relatively coarse, one fringe essentially occupied the 0.008 inch bond thickness. The

displacement distribution over the adhesive thickness could not be easily discerned.

although fractional fringe techniques could in principle be applied. In this regard,

the video intensity at a particular point in the adhesive was extracted by an analog

analyzer which gave the video intensity under a cross hair as a function of time. The

signal varied in a reasonably regular manner, indicating that displacements could be

extracted in this way. However, a tenth of a fringe would only yield a strain resolution

. of 1%, and higher frequency gratings are definitely required.

The photoresist did not respond well behind the crack tip. Although the adhesive

clearly contained a crack, the crack length in the photoresist was smaller. A more

brittle photoresist would be better. Ahead of the crack tip the shear deformation

* in the grid could be clearly seen without the use of a reference grating. Figure 35

is a sketch of the permanent deformation that remained in the adhesive ahead of a

crack following a loading/unloading cycle. An interesting feature of the permanent

deformations is that they were localized in the scrim plane. In this instance the region

0
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* ,, of permanent deformation could be seen up to 0.35 inches from the crack front. Such

large plastic zones would interact with the local stress fields set up by the central

load pin.

A stress analysis of a cracked ENF specimen was conducted with consideration

being given to the plastic response of the adhesive. The Abaqus finite element code

was employed for the analysis. The adhesive very close to the crack tip was assumed

to behave in an elastic-perfectly plastic manner (Fig. 36a); further away, a piecewise

approximation (Fig. 36b) to the tensile stress strain behavior was employed. The

assumption of the elastic-perfectly plastic behavior was necessary in order to obtain

convergence in the high strain region close to the crack tip. The analysis was con-

ducted for a load level of 720 lbs. and crack length of 1.25 inches. The crack tip was

therefore 0.75 inches from the central load point.

A stress contour plot of the Von Mises equivalent stress is shown in Figure 37.

Level 4 (3.30 x 101 psi) corresponds to initial yielding, and so the plastic zone extends

-5. ~about 0.45 inches ahead of the crack (outside the field of view of Figure 37) to 0.007

2. inches behind the crack tip. Between these limits, the plastic zone was fully developed

across the adhesive layer thickness. The I-integral for the elastic case was 6.92 in

lb./in.' auid dropped to 2.2 in lb./in.' for the elasto-plastic case. The length of the
plastic zone ahead of the crack front was therefore in qualitative agreement with

grid observations. In order to establish desirable resolution limits on moir6 methods,

the u-displacement contours were plotted in increments of 5 x 10' inches (Fig. 38).

Indications are that a 2000 lpi grating would give rise to 10 fringes across the adhesive

layer thickness at this load level. The resolution of the video system is currently being
upgraded to achieve this, and alternative photoresists are being considered.

3.5 Fracture Testing of Titaniun-FM36 Joints

S.With test procedures established fer room temperature, the next step that has been

• J'taken has been to prepare for high temperature tests. Pending development of new

high temperature adhesive, FM-365 bonded to Titanium Ti-6A1-4V has been con-

. sidered. The thickness of the Aluminum adherends in the earlier tests was 6.35mm,
S~which is a difficult thickness to slice through with Titanium-particularly since the

dimension is doubled following bonding. Since 3.38mm Titanium sheet stock was

readily available, the stresses in an ENF specimen having a fracture toughness of

Product of American Cyanamid, whose furnishing of material is gratefully acknowledged.
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FIG. 36 Idealized Stress Strain Behavior of FM-300
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S75 J/n 2 were determined. It was found that the stresses were lower than the
yield strength of Titanium, although the difference was marginal in some locations.

Nonetheless, preparations were made to test Titanium-FM36 joints having 3.3Smm

% thick adherends.
% Two 20 ". 30cm sheets were bonded together. l The surface preparation of the

Titanium consisted of a chromic acid etch, followed by coating with BR36 primer.

The adhesive cure cycle consisted of 60 minutes to 350°F, 60 minutes at 350'F, ramp

" to 550'F, 60 minutes at 550'F and cooldown to 150'F with 45 psi. The scrim cloth

in the adhesive was used to define bondline thickness which varied from 0.Os9mm to

0.17Smm. Specimens were sliced from the laminated sheet using a band saw with a

high strength steel blade, and the cut surfaces were smoothed by milling and polishing.

The mode I fracture toughness was determined from DCB specimens that were

S.S9cm long. It was very difficult to see the crack tip in the FM36, which has a dark

amber color. A number of different milling and polishing schemes were considered.

. but it was eventually decided to coat the specimen edges ,;ith a thin film of liquid

paper. The tests were conducted at room temperature in the manner described

%.% earier. Specimen compliances were measured and compared with beam theory and
.. 'Q :+

fi.ite element analyses (Fig. 39). It can be seen that two specimens were compared

and a number of crack lengths were obtained for each specimen. In specimen #2, the
crack lengths were measured without the aid of the liquid paper film. Both sets of

'-.- measured compliances are close to the predictions: indicating thaL measurement of

crack length was accurate with or without the liquid paper, although the former was

much easier. The mode I fracture toughness was determined from the finite element

results shown in Figure 40. The loads used in the finite element analysis were scaled

to the loads at which the load deflection response of the specimen departed from

liw:,-aritv. The average mode I fracture toughness of FM-36 was found to be 269.1

* J/m' with a standard deviation of 25.3 J/m 2 . FM-36 is therefore much more brittle

than FM-300, which had a mode I fracture toughness of 1 kJ/m 2.

The ENF tests were much harder to conduct, due to the brittle nature of the ad-

hesive. The crack length could really only be determined by painting liquid paper on

the specimen edges. Only one or two tests could be conducted per specimen, because

cracks tended to grow in an extremely unstable fashion. It may be possible to improve

this. because the response of the loading device to hold commands was slow. The
"" -' Thanks are due to Martin Marietta Research Laboratory Perk !.nel for performing this step.
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measured compliances were again compared (Fig. 41) with predicted values. There
was a greater difference between the beam theory and finite element analyses than

for the DCB specimen. The measured compliances were reasonably close, particu-
-arlv for the shorter crack lengths, but the scatter was greater than that of the DCB
results. The mode II fracture toughness was 616.1/m 2 with a standard deviation of
-00 J/m-. A large degree of scatter in ENF data was also experienced in the tests
with FNI-300. The larger mode II fracture toughness compared to the mode I value
seems to be a characteristic of brittle adhesives and matrix materials. Some slight
permanent curvature to the specimens was noted following the fracture toughness

tests. It may therefore be necessary to consider thicker adherends, although if the

fracture toughness decreases with increasing temperature, it may not be necessary.

4 Plans

For the final year of this project, it is intended that the determination of the stress
strain behavior of adhesives in-situ will progress in the following areas.

a. Simplifying the geometry of the stiff adherend specimen to make it more com-
patible with the laminated beam geometries that are used for fracture property
determination. This will entail modifying the specimen grips to accept short
laminated beams and simplifying alignment procedures.

b. Conduct tests to determine stiffness and strength of a high temperature adhesive
at various temperatures up to the operating limit of the adhesive. Initial choice

, of adhesive is FM-36.

c. Develop an optical interferometric technique to determine displacements at

specimen boundaries and in the adhesive layer. The measurements of boundary
displacements will be used to check the boundary conditions that are applied

*.i to finite element analyses. The measurements of adhesive laver displacements
will be used to establish the uniformity of strains across and along the bond.

* It is anticipated that work in the determination of fracture properties will be

-p r.s, ed in tho following areas.

i. Measurernent of pure and mixed -mode fracture toghnesses of FNI-36 at various

temperatures up to .500'F.
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b. Interact with Martin Marietta personnel to adapt the tests developed for frac-

ture toughness measurements to durability testing. This will entail the devel-

opment of techniques and furnishing of analytical methods to express durability

in terms of fracture parameters. Threshold values of the fracture toughness of

surface preparations, etc. can be compared with critical values.

c. Develop an optical technique to measure the displacements around a crack tip

in an adhesive. The measurements will be used to assess the applicability of

linear elastic fracture mechanics, particularly in the mode II case where large

plastic zones have been not,,d.

5 Educational Benefits

"" To date, four graduate students have been supported by the program. Messrs.

Freda[25] and Hayashi[S] graduated with MS degrees in 1987. Messrs. Cooper and

[ •Yun are currently pursuing Ph.D. degrees. Their work is greatly appreciated.
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